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ABSTRACT 
 
The process of pharmaceutical tabletting involves the application of stress onto the powdered drug 
ingredients contained within a rigid die. This compaction process will cause the powder to densify 
and form a tablet, which is then ejected from the die cavity. In reality, the tablet will incur some 
elastic strains during the compaction process and the tablet dimensional changes resulted due to the 
elastic relaxation of the tablet in the subsequent processing stages undermine the final tablet 
mechanical integrity. The ejection stage, where the tablet is extruded from the die, has not been 
studied extensively and is an important stage where any tabletting defects are immediately visible. 
It is then the purpose of this Thesis to experimentally elucidate the behaviour of the tablet elastic 
relaxation and its influence on the tablet mechanical integrity during the ejection, the final stage of 
the compaction process.  
 
The Thesis starts with highlighting the existence of the tablet elastic relaxation during the ejection 
stage that has been successfully studied on-line by the novel use of accurate laser sensors to record 
the tablet dimensional changes, with particular emphasis on the interrelationship of the tablet elastic 
relaxation with the observed ejection force and the tabletting defects of the Paracetamol tablet. The 
use of a lubricated die has also been shown to reduce the tablet elastic relaxation and the tabletting 
defects of the Paracetamol tablets. In terms of the time-dependent nature of the elastic relaxation, 
subtle time-dependent elastic relaxation behaviour has been observed and eludicated for the chosen 
time-dependent Starch material. A brief, but detailed and comprehensive material comparison 
consisting Aspirin, microcrystalline cellulose (Avicel) and Paracetamol is presented in terms of the 
elastic relaxation during the ejection stage.  The observed tablet elastic relaxation is then 
interrelated with the tablet strength, which is determined by an indirect tensile test (Brazilian) and a 
direct tensile test. Finally, the presence of a localized elastic relaxation occurring at the interface of 
an Avicel bilayered tablet has been shown to undermine the strength of the bilayered tablet, where 
the extent of the interface weaknesses is clearly dependent upon the behaviour of the localized 
elastic relaxation. In conclusion, the Thesis has successfully demonstrated and elucidated the tablet 
elastic relaxation behaviour during the ejection stage and the consequences on the final tablet 
mechanical integrity. 
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CHAPTER ONE 
INTRODUCTION 
 
 
 
In this Chapter, a general overview of the tabletting process is given and ends with the description 
of the general aim of the current work. The general aim of this Thesis is the elucidation of the 
elastic relaxation behaviour of the tablet and its influence on the tablet mechanical integrity during 
the ejection stage of the tabletting process. Abstracts of the subsequent chapters in this Thesis are 
outlined as well in order to allow the reader to gain an initial familiarization with the overall 
structure and hence an overview of the entire contents of the Thesis.   
 
 
1.1 Tabletting: Uniaxial die compaction process 
 
Compaction is a form of an agglomeration process that utilizes externally applied forces 
imposed upon a particulate system in a confined space forming a coherent mass (Snow et al. 1997). 
It is usually conducted in a uniaxial die press whereby one of the punches moves vertically towards 
a stationary punch compressing the powder bed inside the die forming a compact or tablet.  
The pharmaceutical industry is probably the largest user of the uniaxial die press technique 
in producing solid dosages of medicinal products such as tablets (Pietsch 1977). In 2000, it was 
estimated that more than 80% of drugs were in the form of tablets (Jivraj et al. 2000). Tablets are 
favoured by the pharmaceutical industry due to their attractive properties such as wide patient 
acceptability, having a dry form that enhances its stability, easy packing and transport for both 
manufacturers and patients (Hunter 1983).  
The efficiency of the compaction process is sometimes compromised in terms of damaged 
or defects detected on the final tablet body (Wu et al. 2008). These defects are usually attributed to 
the inhomogeneous density and stress distributions encountered during compaction (Train 1956 and 
1957; Macleod 1983). Inhomogeneous density and stress distributions can be caused by several 
factors and those of significance are the elastic relaxation and friction behaviour of the material 
undergoing the compaction process. Other factors such as a poor die filling technique lead to an 
uneven powder fill prior to compaction and will also cause similar problems (Demetry et al. 1998; 
Wu et al. 2006).  
Apart from the damage incurred upon the tablet itself, the resulting downtime of the 
industrial presses due to damaged die sets caused by parts of or even whole tablets permanently 
stuck within the die will inadvertently incur a significant economic loss. To minimize these 
Chapter 1: Introduction 
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operational problems, considerable trial and error approach have been adopted by the industry for 
new tabletted drug ingredients from the laboratory-scale until the full viable commercial-scale 
production. Hence, a number of researchers have devoted their time to provide an adequate picture 
on the origins of these problems and on improving the overall efficiency of the compaction process 
(Alderborn and Nyström 1996). 
 
 
1.2 Uniaxial die compaction cycle 
 
A typical uniaxial die compaction involves several principal sequential steps (Benbow 
1983), which consist of (Figure 1.1): 
 
1. Die filling stage; 
2. Application of stress during loading/compaction stage; 
3. Unloading stage where the applied stress is removed; 
4. The final ejection stage when the tablet is expelled from the die. 
 
Figure 1.1 A typical laboratory-scale uniaxial die compaction process. 
 
 
In a typical laboratory-scale compaction experiment, the powder to be compacted is fed 
manually into the die as compared to automated feeding machines employed by the industry. A 
homogeneous initial die filling is important in ensuring final efficient drug delivery system by 
ensuring the uniformity of the final tabletted drug ingredients (Wu and Cocks 2004; Djemai and 
Sinka 2006). In the loading stage, the particles are compressed by the downward movement of the 
  Die 
Tablet   
3rd stage 
 unloading 
1st stage 
 die filling  
Powder   
 Upper punch 
Lower punch 
2nd stage 
 loading  
 
 
4th stage 
 ejection 
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upper punch (Figure 1.1), and the powder bed experiences an overall volume reduction. In this 
stage, the tablet is formed.  
In the unloading stage, the tablet will, to some extent, experience an elastic relaxation 
represented by a height expansion as the upper punch moves upward (Figure 1.1) to relieve the 
stress imposed during loading. It is believed that in this particular stage, the tablet mechanical 
integrity can be compromised (Hiestand et al. 1977; Doelker and Massuelle 2004). The last stage in 
the compaction process is the ejection stage when the tablet is expelled from the die. The ejection 
process, when taking place in real industrial die presses, can be characterized as a ‘hammer blow’ 
imparted onto the tablet to initiate its movement inside the die (Wray 1992). The tablet will then be 
pushed further towards the die exit, hence the influence of the sliding friction during ejection. 
Finally, the tablet emerges and breaks away completely from the die. 
The ejection stage is also a key stage in the compaction cycle where any immediate 
tabletting defects are visible. There are relatively few published studies that deal with the ejection of 
tablets in comparison with those concerned with the initial compaction stages. This fact can be 
attributed to the inherent difficulties presented by the physical conditions of the ejection stage, some 
of which are the:  
 
1. Movement of the tablet 
2. Emergence of the tablet from the die 
3. Constriction of the die cavity 
 
It is likely that the ejection stage plays a significant role in the success of the tablet 
preparation via the uniaxial die compaction process. However, the difficulties associated with the 
ejection stage, as aforementioned, complicate the study of the elastic relaxation and frictional 
behaviours of the tablet and their impact on its mechanical integrity during the ejection phase. 
Easily acquired information that can be obtained from the ejection stage is the ejection force 
profile. In simple terms, the ejection profile is the measured force-displacement data obtained 
during ejection. The ejection force profile is also regarded as the manifestation of the wall frictional 
effects encountered by the tablet in the ejection stage where relatively low ejection forces are 
preferred. Apart from friction, the ejection force profile might also contain valuable information 
concerning the elastic relaxation characteristics of the tablet during ejection. Hence, there is a 
potential that the ejection force profile can be utilized in order to predict the final tablet mechanical 
coherence online during the compaction process.  
In terms of the continuous elastic relaxation behaviour of the tablet during the ejection 
phase, despite a rigorous literature search, it has been found that no published work has ever dealt 
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with the subject. This can be understood due to the inherent difficulties in obtaining the relevant 
information such as the continuous variation of the tablet physical dimensions during the ejection 
stage. 
 
 
1.3 Overall aim 
 
 It is the general aim of this current work to address the difficulties of the ejection stage in 
order to elucidate the elastic relaxation behaviour of the tablet and its influence on the tablet 
mechanical integrity during ejection. The structure of the thesis was developed in order to fulfil this 
aim. The summaries of the following subsequent chapters are: 
 
Chapter Two 
In this Chapter, the concept of the tablet elastic relaxation and various factors influencing it are 
critically reviewed and discussed. Available experimental methodologies in evaluating the tablet 
elastic relaxation on-line during the compaction process and off-line monitoring are also reviewed 
and discussed in terms of its advantages and disadvantages. 
 
Chapter Three 
In this Chapter, the adhesion theory of friction is briefly reviewed in terms of the interface shear 
stress and the true contact area in the context of powder compaction. Current methodologies in the 
characterization of the wall friction during the loading and the ejection stages are also presented 
and discussed in detail. 
 
Chapter Four 
Tablets, when completely ejected from the die cavity, may have their mechanical integrity 
compromised due to the detrimental consequences of the previously discussed elastic relaxation 
(Chapter Two) and friction (Chapter Three) during the compaction process. In this Chapter, the 
common types of tablet damage are listed and discussed in terms of the nature and causes of these 
defects and their relationship with the tablet elastic relaxation and friction behaviour during 
compaction. The characterization of tablet damage and damage mitigation are also listed and 
discussed in detail. 
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Chapter Five 
Chapter Five begins with a description of the raw materials used in this work, which consist of the 
Paracetamol, Starch, microcrystalline cellulose (Avicel), Aspirin and magnesium stearate powders. 
The compaction/tabletting experimental procedures and apparatuses are described in detail, with 
the focus on the ejection stage that forms the main area of research in this Thesis. The use of the 
novel laser sensors for the measurement of the tablet dimensional changes and hence the tablet 
elastic relaxations are described in detail. A brief summary of the scanning electron microscopy 
(SEM) study and tablet tensile strength tests that have been performed in this work are described at 
the end of this Chapter. 
 
Chapter Six 
This Chapter demonstrates the existence of the tablet elastic relaxation during ejection. The tablet 
damages, which are immediately visible upon ejection, are found to be interrelated with the extent 
of the tablet elastic relaxation. The influence of the elastic relaxation on the corresponding ejection 
force have been observed and attributed to the dependency of the tablet radial stresses on the 
internal stored elastic energy. The time-dependent nature of the tablet elastic relaxation has also 
been studied and discussed in detail. 
 
Chapter Seven 
This Chapter seeks to elucidate the interrelationship between the tablet elastic relaxation and their 
mechanical strength. The Chapter starts with the comparison of the elastic relaxation behaviour of 
different compacted materials and the interrelationship between the observed extent of elastic 
relaxations and the mechanical strengths of the tablets. In order to fully understand the effects of 
the localized elastic relaxation on the tablet mechanical integrity, a bilayered tablet was formed. 
This will then provide a known weak interfacial region within the bilayered tablet, of which the 
occurrence of the elastic relaxation within the region can be recorded and interrelated with the 
measured interfacial strength.  
 
Chapter Eight 
This Chapter lists the main conclusions drawn from the previous discussion chapters contained 
within this Thesis. Overall, the greater the elastic relaxation of the tablet during ejection, the more 
detrimental it is to its mechanical integrity. 
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CHAPTER TWO 
TABLET ELASTIC RELAXATION 
 
 
In this Chapter, the concept of the tablet elastic relaxation and various factors influencing it are 
critically reviewed and discussed. Available experimental methodologies in evaluating the tablet 
elastic relaxation on-line during the compaction process and off-line monitoring are also reviewed 
and discussed in terms of its advantages and disadvantages. 
 
 
2.1 Concept of the tablet stored elastic energy 
  
The origin of the stored elastic energy is due to the existence of elastic strains incurred 
during the deformation of the particles during the loading stage (Mohammed 2004; Mohammed et 
al. 2005). When the particles are subjected to an applied stress during the loading stage in the 
compaction process, volume reduction of the powder bed will occur. Initially, the rearrangement of 
the particles will occur inside the die resulting in closer packing. Further decrease in the powder bed 
volume will eventually lead to the elastic, plastic deformations and fragmentations of the particles 
(Nyström and Karehil 1996). Bonds will form between the particles thus forming a coherent tablet 
(De Boer et al. 1978). Several types of bonding that are considered important during the formation 
of the tablet in the loading stage are the formation of the solid bridges between the deformed 
particles, distance attraction between the particles and the mechanical interlocking of the particles 
(Nystrӧm and Karehill 1996). The solid bridges formed between the deformed particles correspond 
to the formation of strong internal tablet bonds, where true contact areas are established between 
adjacent particles. The resultant release of the tablet stored elastic energy is depicted either by the 
changes in the physical dimensions of the tablet which is the elastic relaxation (Doelker 1993) or by 
the stress relaxation when the tablet is confined within a rigid enclosure (Shlanta and Milosovich 
1964) with the time after its initial formation in the loading stage of the compaction process. 
In the unloading stage where the applied stress is relieved, the tablet will experience an 
elastic relaxation depicted by an increase in the tablet height, in varying extent depending upon a 
number of parameters such as the applied compaction stress during loading (Ragnarsson 1996). 
Another important consequence of the release of stored elastic energy after the unloading stage 
apart from the height increase experience by the tablet is the existence of the residual die wall 
stress. This is due to the load imposed by the elastic relaxation of the tablet in the radial/diametrical 
direction onto the die walls (Long 1960).  
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In terms of when the elastic relaxation occurs most for a tablet, Carless and Leigh (1974) 
observed that it mainly occurred when the tablet has been ejected from the die. The elastic 
relaxation of a tablet when it has been ejected can continue for days or even months (Hwang et al. 
2001). This slow process of the dissipation of the remaining stored elastic energy or tablet ‘aging’ 
(Rees and Shotton 1970; Nyström and Karehill 1986; Karehill and Nyström 1990) can be regarded 
as the creep response of the tablet  (York and Baily 1977). Hence, the stored elastic energy can be 
lost in an almost immediate elastic relaxation during the whole compaction process which is 
commonly less than 1/5 of a second (Hunter 1983) in industrial presses and months afterwards 
when the tablet has been ejected. 
Much focus has been given on the elastic relaxation during the actual compaction process, 
as it is regarded as one of the significant factors influencing the final mechanical integrity of the 
ejected tablets (Long 1960; Train 1956). Tablets with ‘curved’ or ‘domed’ surfaces formed by using 
curved punches are usually prone to failure (Hiestand et al. 1977). This is caused by the expansion 
of the material within the ‘curved’ region of the tablet. In turn, the main body of the tablet is 
constrained by the die walls and thus weaknesses can occur in the ‘curved’ region of the tablet 
body. Also, Eiliazadeh et al. (2003) observed an interesting dome-like surface profile of a flat 
tablet. They attributed this feature as a result of the height expansion of the tablet when the applied 
stress is removed during the unloading stage. The predilection of bilayer tablets to fail was also 
found to be influence by the extent of the elastic relaxation during the unloading and the ejection 
stages (Inman et al. 2007; Inman 2008; Inman et al. 2009). Maarschalk et al. (1997a) observed for 
several common pharmaceutical materials that the extent of tablet defects and final porosity 
increases with the increase in its stored elastic energy. The increase of the porosity of the tablets as 
the direct consequence of the elastic relaxation would also reduce the tablet strength (Veen van et 
al. 2000). Therefore, the degree of success in tablet forming is to a large extent dependent upon the 
ability of the tablet internal bonds created during the loading stage to withstand the elastic 
relaxation effects that will follow immediately in the subsequent cycles of the compaction process. 
In reality, the dissipation of the stored elastic energy can also increase the amount of plastic 
bonds in the tablet body and the tablet plastic deformation at the die walls in the subsequent stages 
in the compaction process after the loading stage. Hence, the dissipation rate of the stored elastic 
energy and how this is converted either to an increase in the plastic deformation of the tablet itself 
or resulting in the tablet elastic relaxation is governed by a number of factors that include the 
compaction process parameters and the type of material undergoing the compaction (Bolhuis and 
Chowhan 1996). 
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2.2 Time-dependent properties of tablets 
 
 Different tabletting materials have been found to exhibit different time-dependent 
properties. Rees and Rue (1978) studied the time-dependent properties of cellulose, lactose, 
dicalcium phosphate, Starch and sodium chloride by stress relaxation studies of confined tablets. 
They concluded that the Starch tablet has the largest time-dependent properties due to its relatively 
slow plastic deformation characteristics during compaction. A stress relaxation study between a 
predominantly elastic deforming polyethylene and a plastically deforming sodium chloride during 
compaction showed that the former can store a larger amount stored elastic energy due to the lower 
extent of its stress relaxation as compared to those observed in the sodium chloride tablets within 
the same observation time (Rubinstein and Jackson 1987). Brittle materials exhibiting low plastic 
deformation and high fragmentation during compaction were found to have insignificant time-
dependent properties (David and Ausberger 1977; Roberts and Rowe 1987). Hence, it is viewed that 
the time-dependent nature of the tablet is caused by the time-dependent plastic deformation of the 
materials during loading (Hiestand et al. 1977).  
 The compaction process parameters are also known to affect the deformation behaviour of 
time-dependent materials. The effect of the time of which the material experiences the applied 
stress during the loading-unloading period (contact time) has been investigated by a number of 
workers. For a brittle material such as Paracetamol, the increase in the compaction velocity during 
loading has resulted in the increase in the elastic work compared to the plastic work done during 
compaction. This suggests that the tablets became relatively more elastic with the increase in the 
loading speed (Garr and Rubinstein 1991a). Maarschalk et al. (1996) also arrived at a similar 
conclusion where they reported that an increase in the compaction velocity would produce a tablet 
with a higher stored elastic energy. The higher magnitude of the stored elastic energy would then 
cause a higher tablet expansion due to elastic relaxation, hence producing a tablet with a higher 
porosity and a reduction in strength. Conflicting results were also observed in the influence of the 
compaction velocity on the compaction of some brittle materials. Some workers observed little or 
no effect of compaction velocity on the compaction behaviour of dicalcium phosphate and lactose 
powders (Armstrong and Palfrey 1989) in terms of the changes in the tablet strength and porosity. 
Meanwhile, Tye et al. (2005) observed a marked dependence on the compaction behaviour of 
dicalcium phosphate on the loading velocity and attributed this difference to the narrower speed 
ranges used in the previous works. Ruegger and Çelik (2000) conducted an interesting research by 
differentiating between the loading and unloading velocities during compaction. The loading and 
unloading velocities were varied independently of one another. They observed that the strength of 
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the tablets could be improved by modifying the rates of the loading and unloading which were 
dependent upon the type of the materials compacted.  
 Apart from the time-dependent properties of the tablets due to the compaction process 
parameters, the effects of the storage time on the ejected tablet properties have also been 
investigated. Early works by Rees and Shotton (1970) demonstrated the time-dependent nature of 
sodium chloride tablets, where they noted that the tablet strength increases with time. They 
attributed this phenomenon to the stress relief that increases the inter-particulate tablet bonds. 
Karehill and Nyström (1990) studied the aging of Starch and other plastically deforming materials. 
Also they observed that the increase in the storage time or aging of the tablets would lead to the 
increase in the tablet strength. They suggested that this is due to the stress relaxation occurring 
hence the increase in the tablet internal bonds by localized internal plastic deformations. In another 
study, Eriksson and Alderborn (1995) suggested that the visco-elastic property of the tablet is not 
the sole cause of the change in the tablet strength after ejection. Other factors including ambient 
humidity can also increase the strength of tablets after prolonged storage (Eriksson and Alderborn 
1994). An earlier work by Shlanta and Milosovich (1964) showed that when the moisture contents 
of the powder were increased, lower extents of tablet stress relaxations were observed. The moisture 
content of the initial powder undergoing compaction would also influence the stored elastic energy 
of the formed tablet, where lower tablet stored elastic energy were observed with the increasing 
amounts of moisture contents (Maarschalk et al. 1997b).  
 All the preceding discussions on the time-dependent properties of tablets have considered 
only pure materials. In reality, tablet formulation consists of a number of different materials with 
relatively different physical properties such as hardness and deformation mechanisms. Veen van et 
al. (2002) demonstrated that a mixture of materials with different types of hardness such as mixing 
relatively soft Starch particles with hard sodium chloride particles would affect the formed tablets 
elastic relaxation behaviour. They observed that the tablets that were made from the mixture of the 
two materials exhibited higher porosity as compared to the pure tablets of the individual materials 
attributed to the extra elastic relaxation occurring after the compaction process.   
 
 
2.3 Characterization of tablet elastic relaxation 
2.3.1 Tablet elastic relaxation during compaction 
 
 The simplest method to quantify the overall elastic relaxation that the tablet experiences 
during compaction is to compare the minimum height of the tablet (H0) during the loading stage and 
the height measured 24 hours upon ejection (H) from the die (Armstrong and Haines-Nut 1972; 
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Garr and Rubinstein 1991b; Akande et al. 1997; Hardy et al. 2006). The percentage of the elastic 
relaxation, Et during compaction is then given by: 
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0 ×
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HHEt                                        Equation 2.1 
 
 The major limitation of this simple estimation is that it does not give a detailed description 
on the extent of the elastic relaxation during the individual stages of the compaction process. 
Another approach in estimating the elastic relaxation during compaction is by examining the force-
displacement curves obtained from instrumented presses where either the upper or the lower or both 
of the punches are connected to a load-displacement transducer. This will then enable the accurate 
measurement of the height changes of the tablet during the loading and unloading stages 
(Ragnarsson 1996). Figure 2.1 illustrates a typical force-displacement curve, utilizing an upper 
punch force-displacement transducer. During loading, the force sensed by the upper punch load 
transducer is depicted by the increase of the force with the punch displacement, Point 0 to Point 1. 
Point 1 represents the maximum loading force applied and hence the minimum tablet height during 
the compaction process or H0 in Equation 2.1. When the upper punch moves upward to remove the 
applied force during unloading, the force decreases form Point 1 to Point 2. For an ideal plastic 
deformation during loading, the decrease in the applied force during the unloading stage is 
represented by the dotted line between Point 1 and Point 3. Likewise, for an ideal elastic 
deformation during the loading stage, the removal of the applied load during unloading is 
represented by a reversal from Point 1 to Point 0. The area A (enclosed by points 1, 2 and 3) under 
the curve represents the work recovered by the upper punch due to the elastic relaxation of the 
tablet during the removal of the applied stress in the unloading stage whilst the area under the curve 
B (enclosed by points 0, 1 and 2) represents the apparent net work done or plastic work during 
loading. The apparent net work comprises the net work input into forming the tablet and also the 
work done in overcoming the die wall and inter-particulate friction during loading (De Blaey et al. 
1970). The calculated elastic work during unloading has been utilized by several workers to deduce 
the extent of plastic or elastic deformation during compaction (Hadi et al. 1999; Mohammed et al. 
2005). Also, several ratios of elastic and plastic works have been forwarded in order to characterize 
the deformation behaviours of the material during compaction. Mathis and Stamm (1976) defined a 
plasticity constant, P1, as the extent of plastic deformation during compaction as: 
 
1001 ×
+
=
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A relatively high P1 value indicates that the material predominantly deforms plastically whilst a 
relatively low P1 value gives the indication that the material has deformed predominantly in an 
elastic manner during compaction. Meanwhile, Mohammed  (2004) forwarded a plasticity index, 
P2, which is given by: 
 
BAreaAArea
BAreaP
+
=2                                       Equation 2.3 
 
which has a similar interpretation as Equation 2.2. However, the elastic relaxation during the 
unloading stage is only a partial of the total elastic relaxation during the compaction process 
(Krycer et al. 1982a). Hence, some workers (De Blaey et al. 1970) used a double compression 
technique in order to overcome this problem. After the unloading stage, they compressed the 
already-formed tablet within the die for a second time and regarded that the elastic work calculated 
in the second compression represented the true elastic work during the compaction. This multiple 
compression method has a downfall, where the second compression could lead to some plastic 
deformation on the formed tablet (Krycer et al. 1982b), and hence caused changes in the tablet 
physical properties (Armstrong et al. 1982). Also the compaction velocity will influence the 
measured elastic work for time-dependent materials (Marshall et al. 1993). Other physical factors 
such as the die wall lubrication has little or no significant influence on the calculated elastic work 
(Ragnarsson and Sjörgen 1983). The elastic deformation of the machine must also be taken into 
account in order to avoid inaccuracies in the calculated elastic work (Ragnarsson 1996). 
Figure 2.1 A typical force-displacement curve during the loading-unloading stages in 
                              a uniaxial die compaction process. 
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 Another possible method to monitor the extent of the tablet elastic relaxation during the 
compaction process is by utilizing an acoustic measuring device, connected to the die set so that the 
acoustics signals propagation through the tablet can be monitored (Waring et al. 1987a, 1987b; 
Akseli et al. 2008). Waring et al. (1987a) observed two major peaks in the acoustic signals 
generated during compaction. The first peak in the measured acoustic signals was attributed to the 
rearrangements of the particles during the early phases of the loading stage whilst the second peak 
was attributed to the elastic relaxation of the tablet during the removal of the applied stress in the 
unloading stage.  
In another work, Waring et al. (1987b) observed a peak in the acoustic signals generated that 
corresponds to the start of the ejection stage which corresponds to the maximum ejection force apart 
from the signal peaks obtained during the loading and unloading stages. Although this method 
offers a promising on-line monitoring of the compaction process, the lack of published papers on 
the acoustic signal monitoring during compaction seems to imply that this technology is still in its 
infancy compared to the previously discussed force-displacement compaction monitoring technique. 
 
 
2.3.2 Characterization of the ejected tablet elastic relaxation 
 
 The simplest method of examining the elastic relaxation of a produced tablet is by 
measuring the change in the tablet dimensions with the time after it has been ejected from the die. 
The most common equipment used to measure the dimensional changes is the screw micrometer. 
However, this method is clearly dependent on the personal handling. Thus, the measured 
dimensions can vary even for the same samples when different individuals are measuring them 
especially when the differences are small, which is the case for the elastic relaxation of ejected 
tablets (Hwang et al. 2001). Apart from the micrometer screw, another apparatus developed by 
Baily and York (1976) utilized a non-contact optical technique to view the tablet dimensional 
changes. Based on the theory of light diffraction, they were able to measure the elastic relaxation of 
the tablet by measuring the light diffraction pattern formed from a monochromatic light source 
passing through a slit. The width of the slit is dependent on the elastic relaxation of the tablet by 
placing the slit at one face of the tablet whilst the other face of the tablet, which is parallel to the 
slit, was fixed. However, this design cannot be used to measure the elastic relaxation continuously. 
Another recent work (Picker 2000) utilized the micrometer screw albeit changes in the apparatus so 
that a continuous non-contact automatic tablet height measurement can be conducted on multiple 
samples simultaneously. A promising new method in evaluation the elastic relaxation of tablets is 
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based upon the measurement of the light intensity of reflected laser beam on the tablet surface. 
Silvennoinen et al. (2000) were able to observe the time-dependent elastic relaxation by measuring 
the resulted variations in the intensity of the reflected laser beam on an ejected tablet surface. They 
observed the changes in the tablet surface roughness with time depicted by the fluctuations of the 
measured laser light intensity, and attributed this to the variation of the extent of the localized 
plastic deformation on the tablet surface with time. Meanwhile, Nam et al. (2003) who used a 
commercial laser micrometer were able to demonstrate the evolution of the tablet diameter with the 
time after ejection. The tablet was placed in a precision controlled motion device that moves the 
tablet along its vertical height into the path of the laser beam. This proved to be a good approach in 
measuring the tablet diametrical elastic relaxation along the entire height of the tablet thus enabling 
a comprehensive study of the entire tablet diametrical elastic relaxation profiles and its evolution 
with time. 
 
 
Apart from the tablet elastic relaxation that has been extensively reviewed in this Chapter, another 
important physical factor in determining the success of the tabletting process is the friction process. 
Therefore, the friction process will be reviewed in the next Chapter Three as a logical sequence to 
this Chapter and as an integral part of the Thesis as a whole. 
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CHAPTER THREE 
FRICTION 
 
 
In this Chapter, the adhesion theory of friction is briefly reviewed in terms of the interface shear 
stress and the true contact area in the context of powder compaction. Current methodologies in the 
characterization of the wall friction during the loading and the ejection stages are also presented 
and discussed in detail. 
 
 
3.1 Introduction to the Adhesion Theory of Friction 
 
Friction is an energy dissipative process (Tabor 1991) where it is considered to involve two 
independent parts; the adhesion and the ploughing frictional components (Bowden and Tabor 
1954). The adhesion component arises due to the formation of discrete adhesive junctions between 
the two surfaces in contact. Instead, the latter component of friction arises due to subsurface 
damage or deformation on the softer sliding surfaces when the asperities of the harder surface 
plough through it, hence the term ploughing friction.  
For the frictional behaviour of powders or a tablet sliding across the die wall, it is assumed 
that the wall is rigid and smooth. Here, rigid infers that there is no work done inside the walls and 
smooth means that only dissipative interfacial work is occurring on the particles close to the wall 
(Briscoe 1991). It is considered a good approximation, as the die wall surfaces are very smooth 
compared to the array of particles or tablet sliding across them. Hence, the ploughing contribution 
to the friction can be neglected thus forming the adhesion model of friction: 
 
 
AF τ=                                                    Equation 3.1 
 
 
where τ  and A is the true interfacial shear stress and contact area. In the next two sections (Section 
3.2 and Section 3.3), the parameters τ  and A are reviewed in terms of their dependency on the 
friction process variable, contact pressure and their application in powder compaction.  
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3.2 Interface shear stress, τ  
 
 The interface shear stress τ is the shear strength or the energy dissipated per unit area per 
unit sliding of the interfacial zone between the contacting solids (Briscoe et al. 1987). The 
dependency of τ  on the friction parameters of interest in this current work that is the contact 
pressure has been studied. The dependence of τ  on the contact pressure can reasonably be 
described by a linear relationship in the form of (Briscoe et al. 1973): 
 
Pαττ += 0                                         Equation 3.2 
 
where P is the contact pressure while 0τ  and α are the material constants that are sensitive to 
contact conditions such as moisture and temperature (Briscoe et al. 1985). This relationship has also 
been successfully applied to particulate systems involving ceramic powder bed and compacts 
sliding across smooth solid surfaces (Briscoe and Evans 1991).   
An alternative form of the friction coefficient (µ) that takes into account of the interface 
shear stress dependence on the normal load (W) can be then be formulated: 
 
( )PAAWF αττµ +=== 0                                                  Equation 3.3 
 
hence: 
 
α
τµ +=
P
0
, where 
A
WP =                                                  Equation 3.4 
 
Based upon Equation 3.4, it is predicted that at high contact pressure P, the coefficient of 
friction µ approaches the material constant α. This pressure dependence of the coefficient of 
friction between the powder – die wall interface has been observed experimentally during 
pharmaceutical powder compaction (Sinka et al. 2003; Michrafy et al. 2004; Wu et al. 2005) as the 
powder is compacted in the loading stage. 
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3.3 True contact area, A 
 
The estimation of the true contact area poses major problems, as it is difficult to ascertain 
with confidence the actual value of the contact area. Bhushan (2002) summarizes the experimental 
techniques that can be used to measure the true contact area that includes electrical-contact 
resistance and optical methods. According to Bushan, all these techniques over-estimate the true 
area of contact by as much as 400%.  
In reality, the true contact area between two solid surfaces loaded together is much less than 
the apparent contact area. This is due to the existence of the surface roughness or asperities on these 
surfaces. When both of the solid surfaces are loaded together, they initially touch at these small 
asperities hence the small true contact area as compared to the apparent contact area. These 
asperities can be visualized as peaks and valleys using specialized equipment such as the surface 
profilometer (Arnell et al. 1991).  
Theoretical approaches in estimating the true contact area between solid surfaces started 
with the pioneering work of Hertz in 1885 involving the contacts between smooth solid spheres 
loaded onto each other, touching at a point contact (Johnson 1985). If the deformation at the contact 
point is purely elastic (Figure 3.1), the load dependence (W) of the true contact area (A) is 
formulated as: 
 
3
2
KWA =                                         Equation 3.5 
 
where K is a constant. At the other extreme situation is when the contact point has deformed 
permanently due to plastic deformation (Figure 3.1). In this condition, the true contact area is 
proportional to the applied load (Bowden and Tabor 1954): 
 
WKA 0=                                         Equation 3.6 
 
where K0 is a constant. However, in realistic cases, in general: 
 
mkWA =
  
         
where k is a constant and m lies between 2/3 and 1 (Archard 1953 and 1957).  
 
Equation 3.7 
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Figure 3.1 Sphere A undergoing an elastic deformation whilst Sphere B undergoing a 
                             plastic deformation when loaded with a flat smooth rigid surface. 
 
 
Another early work by Abbot and Firestone (1933) provided a first-order estimation of the 
true contact area that has been adopted by several workers (Özkan 1994; Özkan and Briscoe 1996) 
in their estimation of the true contact area of the tablet - die wall interface during compaction. It 
involves the construction of the bearing area curve (Figure 3.2) which is basically the cumulative 
distribution of the asperity heights above a chosen datum plane (Greenwood 1967). A thin 
infinitesimally horizontal plane or a bearing line is then arbitrarily chosen along the asperity heights 
at a height hr above the reference datum plane. The lengths of the bearing line covered by the 
asperities above the chosen bearing line is summed together and the fraction of this sum over the 
total measured length of the bearing line (Φ (y)) is plotted as the x-axis in Figure 3.2. The 
proportion of the asperity lengths above the chosen plane to the total bearing length can be 
considered equal to the proportion of the true contact area to the apparent contact area (Greenwood 
1967). The y-axis represents the height of the selected bearing line above the datum plane or hr. 
Therefore, the contact area ratio which is the ratio of the true contact area (A) to the apparent (or 
geometric) contact area (Aa), can then be estimated from the bearing area curve by choosing 
arbitrarily the reference bearing line, hr. This method, however, has been criticised (Johnson 1985) 
due to the fact that it does not take into account of what happened to the material above the chosen 
bearing line, hr and it simply ‘vanishes’ during the calculations. Hence, a more thorough analysis of 
the contacts between a rough and a nominally flat surface has been conducted by Greenwood and 
Williamson (1966) that took into consideration of the deformation behaviour of the asperities above 
the reference line, hr. 
 Sphere 
     B 
Load, W Load, W 
Sphere     
     A 
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Figure 3.2 Calculation of the bearing area curve based upon the cumulative height 
                                distribution (Φ (y)) of the asperity heights 
                                (hr = arbitrary line chosen above datum). 
 
 
3.4 Characterization of friction 
3.4.1 Effect of wall friction on the stress transmission during compaction 
 
The effect of the die wall friction on the stresses during compaction can be described by a 
method called the differential slice method (Hiestand et al. 1977). It was originally proposed by 
Janssen in 1895 for powder flows inside hoppers and silos (Nedderman 1992).  It is essentially a 
force balance performed on an elemental slice of the material undergoing compaction as is 
illustrated in Figure 3.3.  
There are several key assumptions used in the differential slice method. The original key 
assumptions are that the material behaves as a continuum and the vertical and horizontal stress 
components are only functions of the axial directions (y-axis). Neglecting the weight of the 
material, a vertical force balance on the element yδ  for cylindrical die geometry will then yield 
(Briscoe et al. 1987): 
 
wyyy DD τδpiδσpi −=24
1
                                                 Equation 3.8 
 
where D is the cylinder/tablet diameter, wτ is shear stress at the wall and yyσ is the vertical stress. 
The original model also assumes that the material is cohesionless therefore the wall shear stress, wτ  
can be described by (Nedderman 1992): 
 
1
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wxxww )(σµτ =                                                    Equation 3.9 
 
in which wµ is the wall friction coefficient and wxx)(σ is the horizontal stress (or radial stress) at the 
die wall. Walker (1966) further refined the original Janssen analysis by allowing the horizontal 
variation of yyσ  by defining a vertical stress, wyy)(σ at the wall. Thus, he introduced a distribution 
factor, ψ  which is given by: 
 
yy
wyy
σ
σ
ψ )(=                                                  Equation 3.10 
 
and also (Walker 1966): 
 
wyywwxx K )()( σσ =                                                 Equation 3.11 
 
where the coefficient of Kw corresponds to the Walker active coefficient of earth pressure (Briscoe 
and Rough 1998a). Equation 3.5 can then be integrated with the appropriate substitution 
of wyy)(σ , wxx)(σ and wτ using equations 3.6, 3.7 and 3.8. Thus, the transmitted vertical stress through 
the compact height is then given by: 
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                                                Equation 3.12  
 
where σa is the applied compaction stress, σt is the transmitted stress, H is the height of the compact 
and D is the diameter. 
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Figure 3.3 A force balance in the differential slice technique. 
 
 
3.4.2 Wall friction in the ejection of tablet 
 
The application of force in order to extrude the tablet out from the die cavity is due to the 
existence of the die wall friction. The force-displacement profile or the ejection force profile 
obtained during the ejection stage provided a first-order qualitative and quantitative means to 
visualize the extent of wall friction during ejection. An early study by Macleod and Marshall (1977) 
defined the early peak in the measured ejection force as the ‘static’ friction (Point A) and the 
following section of the ejection profiles when the tablet is moving before it emerged from the die 
cavity as the ‘dynamic’ friction (Point B) in Figure 3.4. Point C represents the situation when 
approximately half of the tablet body has emerged from the die cavity thus the ejection force 
decreased abruptly after this point until the tablet is completely ejected.  However, Figure 3.4 only 
represents one type of the ejection profiles as there are numerous other type of ejection profiles that 
have been reported in the literature (Dimillia and Reed 1983; Briscoe and Rough 1998a; Otsuka et 
al. 2001; Kara et al. 2004; Mohammed 2004; Tien et al. 2007).  Otz and Thoma (2000) calculated 
the area under the ejection profiles before the tablet has emerged from the die cavity and defined it 
as the expended work during the ejection stage. A relatively high maximum ejection force that 
corresponds to the ‘static’ friction and high ejection work are considered detrimental to the 
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mechanical integrity of the tablet and increases the possibility of tablet damages occurring upon 
ejection from the die cavity. 
 
 
Figure 3.4 Example of an ejection profile (after Macleod and Marshall 1977). 
 
 
 A number of workers reported the increase of the maximum ejection force when the applied 
compaction stress during the loading stage was increased (Rees and Shotton 1969; Shah et al. 1986) 
for some common pharmaceutical powders. The increase of the maximum ejection force with the 
applied compaction stress during the loading stage can be further understood with the measurement 
of the die wall radial stresses prior to the ejection stage (Hölzer and Sjörgen 1979; Kikuta and 
Kitamori 1983). An increase in the applied compaction stress would then increase the die wall 
radial stress prior to the start of the ejection stage. Hence, the wall shear stress that forms the 
resistance to the motion of the tablet is also dependent upon the die wall radial stress would then 
increase. This is depicted in Equation 3.9. However, Lewis and Train (1965) reported a complex 
relationship of the ejection force with applied compaction stress. They observed that for sucrose 
tablets, the ejection force increased initially with the applied compaction stress but then briefly 
decreased. The ejection force then increased again when the applied compaction stresses were 
higher. Interestingly, they also observed that during the period when the ejection force decrease 
with increasing applied stresses, defective tablets were produced upon ejection. They suggested that 
elastic relaxation of the tablets during the unloading stage caused the tablets to become defective 
thus decreasing the force required to eject them due to less residual die wall forces present initially 
at the start of ejection. 
Ejection force 
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Several workers have attempted to quantify the die wall frictional behaviour of the tablets 
during ejection. Li et al. (1996) applied the Janssen-Walker analysis described earlier in Section 
3.4.1 to the tablet during ejection and formulated a simple expression in describing the wall shear 
stresses during ejection. However, their work was conducted from the initial emergence of the tablet 
from the die, not when it initially moves inside the die. Another approach of estimating the friction 
during ejection was by considering a simple force balance on the tablet inside the die (Briscoe and 
Evans 1991; Briscoe and Rough 1998a) therefore forming an expression that relates the maximum 
ejection stress ( eσ ) sensed by the upper punch pushing on the initially stationary tablet confined 
within the die with the apparent mean interface shear strength ( eτ ) and the tablet aspect ratio (H/D 
or height/diameter ratio): 
 
D
H
ee τσ 4=                                       Equation 3.13 
 
  The workers, however, observed that the experimental data did not completely obey this 
simple expression. A non-linear relationship between the ejection stress and tablet aspect ratio 
exists therefore implying that the apparent interface shear stress ( eτ ) is not a constant for a specific 
material compacted either at constant applied compaction stress (variable mass) or at constant mass 
(variable applied compaction stress) conditions. They put forward several reasons such as the 
existence of radial stress distributions along the height of the compact height and also effects of the 
stress relaxation during the unloading stage in the compaction process. 
 
 
3.4.3 Friction of ejected tablets 
 
James and Newton (1983) provided a good example of the work carried out after the tablet 
has been partially ejected or emerged. They studied the frictional behaviour of common 
pharmaceutical tablets sliding across a polished steel plate, which were representative of the die 
bore. They argued that this type of system provided better control of the imposed normal force and 
the resulting tangential force. This work was inspired by the previous work of Strijbos et al. (1977). 
It is similar to a sliding friction apparatus where a steel plate is sheared across the bottom surface of 
the partially ejected tablets. In their work, they observed that the adhesion of the tablets occurred 
during sliding depicted by tablet fragments sticking to the steel plate slider and concluded that the 
friction behaviour of soft materials included both adhesion and ploughing friction contributions.  
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Figure 3.5 illustrates an example of the type of equipment used by authors investigating the wall 
frictional effect when the tablet has been partially ejected from the die. 
Another study involved the formation of hemispherical tablets (Fernando 1987; Briscoe and 
Evans 1991) and the application of a known normal load onto the tablet during its sliding motion 
across a flat rigid smooth surface. The hemispherical geometry of the tablets was chosen so that the 
contact area between the tablet and the flat surface would be uniformly loaded and controlled 
during the experiments. The measured force during the sliding friction experiments could then be 
used to estimate the interface shear stress, τ , which in turn be used in the calculation of the 
constants; α  and 0τ in Equation 3.2.  
 
 
Figure 3.5 A typical sliding friction apparatus for measurement of tablet frictional 
                    properties (after James and Newton 1983). 
 
Recently, it was suggested that the frictional behaviour of the tablet should be measured 
under conditions similar to its actual practical application (Sinka et al. 2003; Pavier and Doremus 
1997) due to the changes in the tablet physical properties with the time it has been ejected. This was 
discussed previously in Section 2.2. Hence, it is deemed appropriate to actually observe and study 
the frictional properties of the tablets when they are inside the die during the actual ejection phase 
instead of after the ejection. 
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Following the discussion of the two important physical aspects of the tabletting process, which are 
the tablet elastic relaxation and friction in Chapter Two and Three respectively, it is then of interest 
that the detrimental consequences of these on the tablet mechanical and cosmetic properties be 
discussed next in the subsequent Chapter Four.  
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CHAPTER FOUR 
TABLET DAMAGE 
 
 
Tablets, when completely ejected from the die cavity, may have their mechanical integrity 
compromised due to the detrimental consequences of the previously discussed elastic relaxation 
(Chapter Two) and friction (Chapter Three) during the compaction process. In this Chapter, the 
common types of tablet damage are listed and discussed in terms of the nature and causes of these 
defects and their relationship with the tablet elastic relaxation and friction behaviour during 
compaction. The characterization of tablet damage and damage mitigation are also listed and 
discussed in detail. 
 
 
4.1 Types of tablet damage 
4.1.1 Capping and lamination 
 
 Capping is a physical situation whereby a portion of the tablet body is detached from its 
main body. Complete detachments can occur when the tablet emerges from the die cavity or in 
some cases, the upper part of the ejected tablet body can be easily removed by hand (Burlinson 
1954). Meanwhile, lamination is a term describing the situation when the tablet breaks into several 
horizontal thin layers across its diameter. The internal crack in the tablet that causes capping and 
lamination is believed to propagate axisymmetrically from the periphery of the tablet upper radial 
surface adjacent to the moving upper punch to the centre of the tablet (Wu et al. 2005).  
Early works considered the entrapment of air in the powder bed during the application of 
load that causes capping (Gregory 1962). It is suggested that the entrapped air would accentuate the 
separation of the tablet body when internal faults existed in it during the unloading stage. However, 
other research conducted showed that capping and lamination were also present for tablets formed 
in vacuumed dies (Shotton and Ganderton 1961). Decreasing the amount of air present has been 
found to reduce the capping tendency of tablets, but increases the tablet lamination tendencies 
(Mann et al. 1983). Hence, the presence of air is not the sole cause for the capping and lamination 
of tablets.   
Some workers considered that capping occurred at the end of the loading stage (Shotton and 
Obiorah 1975) due to the elastic relaxation.  They measured the die wall stresses and observed that 
the die wall stresses after the unloading stages for capped tablets were relatively lower than those 
for coherent tablets. Sugimori et al. (1989) further suggested that the low residual die wall stresses 
Chapter 4: Tablet damage 
 45
after the unloading stage is the result of the capping of the tablet during the decompression phase, 
and not the cause of capping. They arrived at this conclusion by observing the existence of 
relatively high die wall stresses at the final stages of the unloading, which decayed immediately to 
low values upon complete unloading.  
During the unloading of the applied stress, the elastic relaxation of the tablet depicted by its 
height expansion will create a relatively lower stress regions in the upper part of the tablet 
compared to the bottom half (Wu et al. 2005; Michrafy et al. 2004). Localized, intensive shear 
stresses have been shown to exist in the tablets prone to capping after the unloading stage which 
corresponds to the crack patterns in a capped tablet by using a computer simulation based on an 
FEM modelling (Wu et al. 2005, 2008). Hence, the researchers attributed this as the cause of 
capping during the unloading stage.  
An inhomogeneous density distribution (Figure 4.1) of the materials within the tablet due to 
the influence of the die wall friction during compaction has also been attributed to the capping of 
tablets (Train 1956, 1957). After unloading, the tablet will expand upwards but the tractions 
imposed by the die wall friction on the materials adjacent to it (region A) will then resist the height 
expansion. This resistance to the tablet expansion by the die wall friction would lead to an uneven 
height increase across the tablet upper surface, where a slightly higher expansion was observed to 
take place in the unconstrained middle-half of the tablet (Eiliazadeh et al. 2003, 2004) compared to 
the surfaces near the die walls.  Region C is relatively denser caused by the relatively higher 
stresses it experienced during the loading stage. Thus, weaknesses can occur in the region B which 
is located between the two high-density regions of A and C due to the existence of a density and 
stress gradients. When the tablet emerges from the die cavity, the unconstrained section of the tablet 
is free to experience further elastic relaxation (Figure 4.2). A stress gradient is thought to occur 
(Train 1956; Long 1960) in the regions between the still constrained and unconstrained tablet body 
that would then lead to capping and lamination of the tablets during emergence. 
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Figure 4.1: The inhomogeneous internal tablet density distribution after the unloading 
        stage. Regions A and C represent high density regions whilst B is a 
                               relatively lower density region (after Train 1956). 
 
 
 
Figure 4.2: The elastic relaxation of the tablet during emergence in the ejection stage 
                               (indicated by the red arrows). 
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 Recently, it has been suggested that most probably capping and lamination occurred or is 
further accentuated during ejection (Doelker and Masseulle 2004) although no experimental 
evidence have been put forward in the literature. Even though a number of researches have dealt on 
the origins of capping and lamination as discussed in the preceding paragraphs, the role of the 
ejection stage has not been experimentally studied in detail.  
 
 
4.1.2 Wear 
 
Wear is commonly regarded as the progressive removal of material from the mating surfaces 
during a relative motion (Kato and Adachi 2001). The material can either be completely removed 
from its original surface as a debris deposited on the other mating surface or displaced from its 
original location onto another location on the same surface. The relative motion that produces wear 
can be either sliding, rolling or impact (Bushan 2002). Wear of the tablets during the compaction 
process can occur from the initial tablet formation at the end of the loading stage until it is ejected 
from the die cavity. Prolonged and intensive usage of the punch and die sets will lead to the wear of 
the metal surfaces which are in contact with the materials undergoing the compaction process. The 
worn punch and die may affect the cosmetics of the formed tablets (Otz and Thoma 2000) and 
cause the tablets formed to be dimensionally out of the original design tolerance (Torkar et al. 
2002). Although damaged die sets constitute a factor in the increase wear of tablets, it can also 
occur in the undamaged die sets having relatively unworn surfaces where the fragments of the tablet 
body sticking onto the die and punch surfaces are observable upon ejection (Schuman and Searle 
1992). This is regarded to be the result of the tablet - die wall adhesion phenomenon during 
compaction (Takeuchi et al. 2004) and will eventually lead to the decrease in the final ejected tablet 
weight.  Apart from the wear incurred during compaction, it can also occur in the subsequent 
downstream processing of the ejected tablets such as during transferring and packaging (Hwang and 
Parrot 1993). A friable tablet will be easily damaged as a result of wear, for example when a jar 
containing the unprotected tablets is shaken. Hence, a tablet must be designed to withstand wear 
due to the normal handling that it will experience during its lifetime.  
 In general, the mechanisms of the wear process can be grouped into four major types; 
adhesion, abrasive, surface fatigue and corrosive (chemical) wears (Burwell 1957).  Corrosive wear 
occurs when the moving surfaces are contained within a corrosive environment. Some authors also 
included impact and fretting as the mechanisms of wear (Buckley 1981). Wear caused by surface 
fatigue is the result of the reciprocating motions of the mating surfaces whilst fretting occurs when 
the reciprocating distances are small and normally caused by machine vibrations (Hurricks 1970). 
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Due to the sliding nature of the tablets during the ejection stage, which forms the focus of this 
current study, it is regarded that the important governing wear mechanisms are the adhesion and 
abrasive wears. The adhesion wear can be viewed as the result of the repeated shearing of the 
adhesive junctions formed in the interface between the two sliding surfaces and whilst the abrasive 
wear is the bulk deformation of the surfaces due to the ploughing of the asperities of the harder 
surface through the softer surface (Figure 4.3). Hence, the adhesion and abrasive wears can be 
reasonably described by a two-term non-interacting wear model that involves both the adhesion and 
ploughing components, similar to the friction model previously discussed in Section 3.1 (Briscoe 
and Tabor 1980).  
 
 
Figure 4.3: The abrasive wear (a) and the adhesion wear (b). 
 
 
4.1.3 Interfacial weakness of bilayered tablets 
 
 A bilayered tablet consist of two sequentially compacted powder layers forming a single 
coherent tablet body. This type of tablet is particularly useful for the production of controlled 
release dissolution tablets (Abdul and Poddar 2004). However, the bilayered tablets are prone to 
catastrophically fail in the interfacial region between the two adjacent layers. This involves the 
separation of the bilayered tablet into two parts in the interface region. The source of this 
predilection of the bilayered tablets has recently been attributed to the non-homogeneous elastic 
relaxation of the tablet in the interface region during the compaction process (Inman 2008). This is 
based upon the characterization of the bilayered tablet fracture and circumferential surfaces in the 
interfacial region by surface topographical measurements (Inman et al. 2007 and 2009). However, 
as previously discussed in Chapter Two, the continuous elastic relaxation of the ejected tablet 
causes changes in the ejected tablet physical dimensions. This in turn will influence the surface 
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topographical measurement that is conducted after a certain time interval from which the tablet has 
been ejected.  Thus, the behaviour of the elastic relaxation in interfacial region of the bilayered 
tablet when the tablet is extruded from the die cavity remains to be elucidated.  
 
 
4.2 Characterization of tablet damage 
4.2.1 Force transmission during loading 
 
Workers in the past have attempted to correlate the measured elastic relaxation and the 
friction properties with the observed occurrence of tablet capping and lamination. Naito and 
Nakamichi (1969, 1971) suggested the use of both the upper and lower punch load transducers in 
order to measure the force transmission during the loading stage. The force transmission is 
calculated as the difference between the maximum applied load during the loading stage of the 
upper punch and the corresponding measured load of the static bottom punch. Ideally, the forces 
should be the same but due to the wall friction, a higher upper punch forces were recorded as 
compared to the bottom punch. They concluded that a relatively higher force transmission during 
the loading stage would form coherent tablets and the capping of tablets for those having relatively 
lower force transmissions, therefore provided a quantitative mean to characterize capping during the 
compaction process. However, this method is subject to a trial and error approach in order to 
establish the values of the force transmission that correspond to the occurrence of capping and 
hence will be time-consuming and material-dependent.  
 
 
4.2.2 Imaging technique 
 
Imaging techniques are also useful in characterizing capped and laminated tablets in order to 
study the crack propagation patterns and the fracture surfaces. Wu et al. (2005, 2008) utilized an x-
ray microtomography technique to visualize the internal crack patterns within the partially capped 
and laminated tablets. It utilizes x-ray beams that are shot through the sample and the attenuation of 
the beams are recorded by a detector. The sample can be rotated and positioned at different heights 
within the path of the x-ray beams thus allowing the construction of a 3D image from the different 
detected x-ray beams attenuation across the sample (Wang et al. 2003). Scanning electron 
microscopy (SEM) is another imaging technique that is particularly useful in characterizing the 
fracture surfaces of tablets. Initially, electron beams emitted by an electron gun are focussed onto 
the sample surface of which to be examined. The primary electrons illuminated from the electron 
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gun will then excite the electrons from the surface of the sample thus forming secondary electrons 
which are then collected by detectors. The detectors can then build up the scanning electron 
microscopy (SEM) image of the sample surface by mapping the detected secondary electron signals 
with the primary electron beam position as the beams are scanned across the sample surface. The 
SEM imaging technique has been extensively used in the characterization of fracture surfaces of 
metals. Smooth cleavage facets can be observed on a brittle fracture surface of metal structures 
when the crack propagates either through the grains (trans-granular) itself or between the grains 
(inter-granular). An example is the fracture surface of a compacted powder metal rod (Parrington 
2002). Meanwhile, ductile failure surfaces for metals are characterized as having ‘dimpled’ and 
fibrous texture due to the ‘necking’ of the surfaces during the crack propagation (Ost et al. 2007; 
Wen and Yu 2007).  
Wear, similar to capping and lamination, can be characterized using the SEM technique. The 
SEM is ideal in studying the wear surface due to its great depth of focus (Buckley 1981). The 
irregular texture of the worn surfaces, the presence of debris and its attachment to the wear surface 
can clearly be observed using the SEM.  
 
 
4.2.3 Indirect tablet tensile test: diametrical compression test (Brazilian test) 
 
 This test is utilized in order to obtain an estimation of the tablet tensile strength (Fell and 
Newton 1970). It is an indirect method, where the tablet is compressed diametrically to give rise to 
a vertical stress component (σy) which acts along the vertical diameter (Figure 4.4). The resulting 
horizontal stress component (σx) then acts to split the tablet into two equal halves in the vertical 
diameter (Newton et al. 1971). The tablet tensile strength, σx can then be estimated by: 
 
                                          Equation 4.1 
 
where Px is the measured tablet breaking force, H is the tablet height and D is the tablet diameter. 
Often in practice, the specimen would not form a tensile fracture, depicted by the final tablet 
fracture patterns (Rudnick et al. 1963) that deviated from the ideal vertical diametrical crack in the 
middle of the specimen. Therefore, it is essential that the tablet breaking force values used are those 
that correspond to the actual tensile failure depicted by the ideal crack pattern as shown 
schematically in Figure 4.4 (Mohammed 2004).  
Although the diametrical compression test gives a value for the tensile strength of the tablet, 
its suitability for the determination of the tablet capping tendency is undermined by the fact that the 
DH
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failure location in a capped or laminated tablet differed from those obtained in the diametrical 
compression test. As described in Section 4.2.1, the failure lines in a capped and laminated tablet 
occur nearly parallel to the tablet counter-faces, whereas in the diametrical compression test the 
failure lines occur normal to them (Figure 4.4). Hence, the appropriateness of the diametrical 
compression test as a means to quantitatively described tablet capping and lamination has been 
under investigation by several workers (Nyström et al. 1977, 1978) and as a result a direct tablet 
tensile strength testing was developed which is discussed in the following section. 
 
Figure 4.4: The diametrical compression test where the tablet is compressed between 
                               two rigid surfaces  
     (note that the tablet is compressed on its sides, ie. diametrically). 
 
 
4.2.4 Direct tablet axial tensile test 
 
 Nyström et al. (1977, 1978) developed a direct axial tensile test in order to measure the 
tablet axial tensile strength. This is achieved with one of the tablet counter-faces attached to the 
testing machine and the other fixed, which are then pulled apart (Figure 4.5). Inman (2008) further 
utilized this test in the measurement of the bilayered tablet axial tensile strength. A bilayered tablet 
is a tablet consisting layers of sequentially compacted powders and in the case of Inman’s work, the 
tablet consisted of two layers and the interface is located approximately in the middle half of the 
tablet body. When the tablet is stretched axially, it will commonly give rise to a force-displacement 
data as shown schematically in Figure 4.6. The tablet would then break in its weakest plane and in 
the case of bilayered tablets in the middle half of the tablet body, where the interface of the layers is 
approximately located (Inman 2008). The tensile force of the tablet is then defined as the peak force 
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(Px) in the force-displacement curve. The tensile strength of the tablet, σx can then be estimated by 
(Nyström et al. 1977, 1978): 
 
2
4
D
Px
x pi
σ =                                         Equation 4.2 
 
Figure 4.5: The direct axial tensile test where the tablet counter-faces are attached to 
                     two platens, and placed in tension using a testing machine. The tablet will 
                                then fail due to its body being pulled apart. 
 
 
Another useful parameter obtainable from Figure 4.6 is the area under the force-
displacement curve (region A), which is defined by Inman (2008) as the fracture energy of the tablet 
during the tensile failure. 
 
Figure 4.6: A typical force-displacement profile obtained during the axial tensile test 
              where Px = breaking force and A = fracture energy (after Inman 2008). 
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4.3 Mitigation of tablet damage 
 
 There are several ways in order to minimize tablet damage. In the early development stage 
of the tablet, the correct choice of the raw materials for the tablet must be selected in order to 
produce the required medicinal product specification. Apart from the medicinal aspects, the 
selection of the bulk powder or the excipient that forms the bulk of the tablet body must have the 
optimum deformation characteristics to achieve a tablet with a viable mechanical integrity. Hence, 
self-lubricating excipients such as Starch 1500 (pregelatinised Starch) have been formulated in 
order to form tablets with good compaction characteristics that includes exhibiting relatively low 
die wall friction during the ejection phase. 
 Apart from the selection of suitable raw materials, tablet lubricants are essential in order to 
prevent tablet damage from occurring during the compaction process (Moody et al. 1981) by the 
reduction of the frictional forces (Miller and York 1988). The lubricants can either be applied to the 
die sets, pre-mixed with the powder to be compacted or both.  Tabletting lubricants reduces the 
inter-particulate friction during powder rearrangement in the loading stage (Simchi 2003), therefore 
increasing the stress transmission through the powder bed during loading forming a tablet with a 
more homogeneous internal density distribution (Briscoe and Rough 1998b; Eiliazadeh 2005). 
Lubricants also act to minimize the force needed to extrude the tablet from the die during the 
ejection stage (Briscoe and Rough 1998a), hence minimizing tablet damage. The most commonly 
used lubricant in the pharmaceutical compaction process is the magnesium stearate powder (Rao et 
al.  2005).  
 
 
 
 
 
In the next Chapter Five, the relevant experimental approaches are described in detail as to 
examine the presence and influence of the tablet elastic relaxation in the ejection stage. 
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CHAPTER FIVE 
MATERIAL AND EXPERIMENTAL PROCEDURE 
 
 
Chapter Five begins with the description of the raw materials used in this work, which consist of 
the Paracetamol, Starch, microcrystalline cellulose (Avicel), Aspirin and magnesium stearate 
powders. The compaction/tabletting experimental procedures and apparatuses are described in 
detail, with the focus on the ejection stage that forms the main area of research in this Thesis. The 
use of the novel laser sensors for the measurement of the tablet dimensional changes and hence the 
tablet elastic relaxations are described in detail. A brief summary of the scanning electron 
microscopy (SEM) study and tablet tensile strength tests that have been performed in this work are 
described at the end of this Chapter. 
 
 
5.1 Tablet raw materials 
5.1.1 Selection of raw materials 
 
One of the challenges in this work was the choice of the tablet raw materials for the tablet. It 
determined the final success of the work as some materials showed a more significant response 
compared to others. The work can either be a more general study or a material-specific study. In 
addressing this issue, the experimental work was designed separately in order to elucidate the tablet 
elastic relaxation and its influence on the tablet mechanical integrity during the ejection, in terms of 
the: 
 
1. Occurrence of tablet damage; 
2. Time-dependent elastic relaxation properties; 
3. Response of different materials; 
4. Bilayered tablets. 
 
Paracetamol powders were chosen as the raw material in the investigation of the role of the 
elastic relaxation on the tablet damage, as they exhibit brittle deformation characteristics, hence 
forming tablets with low mechanical strengths and often capping and lamination occurred in the 
final produced tablet (Obiorah and Shotton 1976). The common die wall lubricant, magnesium 
strearate powder, was used in an effort to minimise the tablet damage. Starch powder was selected 
in order to investigate the effects of the time-dependent plastic deformation during compaction 
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upon the observed elastic relaxation during the ejection stage due to its known time-dependent 
plastic deformation depicted by the variation of the extent of its plastic deformation at the different 
compaction velocities (Roberts and Rowe 1985). Aspirin, microcrystalline cellulose (or commonly 
known as Avicel) and Paracetamol powders were then selected and compared in terms of their 
tablet elastic relaxation behaviour in the ejection stage and the resulting interrelationship to their 
mechanical integrity. Finally, Avicel bilayered tablets were formed based on the work of Inman 
(2008) which then allowed a detailed study on the influence of the elastic relaxation on the 
bilayered tablet mechanical integrity. 
 
 
5.1.2 Physical properties of materials 
 
a) Para-acetylaminophenol (Paracetamol) 
 
Paracetamol appears as a white powder (Appendix 1). It is widely used as a pain reliever and fever 
reducer. The Paracetamol powder used in this work contains particles that generally have angular, 
thin-rod like shapes as shown in the SEM picture (Figure 5.1). It is supplied by Sigma-Aldrich 
(Germany).  
                                    
Figure 5.1: SEM picture of the Paracetamol powder (X 330). 
 
b) Pregelatinised maize Starch 
 
 Physically, pregelatinised maize Starch (which will be referred to as Starch in this Thesis) is 
a moderately coarse to fine, white to off-white coloured powder as shown in Appendix 2 (Kibbe 
2000). It is utilized in oral capsule and tablet formulations as a diluent, binder and disintegrant. The 
Starch used in this work is produced by Colorcon U.S.A., and its trade name is Starch 1500. Figure 
50 µm 
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5.2 shows the SEM picture for the Starch powders, where it can be observed that the Starch 
particles are mostly spherical in shape. 
      
 
Figure 5.2: SEM picture of the Starch powder (X 500 magnification). 
 
c) Acetylsalicylic acid (Aspirin) 
 
 Aspirin is a drug commonly administered to treat minor aches, pains and fever. It appears as 
a cloudy-white colour (Appendix 3) and the particles have elongated rectangular shapes as observed 
in the SEM picture (Figure 5.3).  
         
 
Figure 5.3: SEM picture of the Aspirin powder (X 50 magnification). 
 
d) Microcrystalline cellulose (Avicel) 
   
 Microcrystalline cellulose (which will be referred to as Avicel in this Thesis) appears 
physically as a white powder (Appendix 4) composed of porous microfibers (Kibbe 2000) as 
illustrated by the SEM image in Figure 5.4. It is arguably the most widely used direct compaction 
excipient in the pharmaceutical industry. The microcrystalline cellulose used in this work is 
produced by FMC (U.S.A.) and its trade name is Avicel PH 102.   
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Figure 5.4: SEM picture of the Avicel powder (X 500 magnification). 
 
e) Magnesium stearate 
 
Magnesium stearate is the most commonly used powder lubricant during the compaction process 
(Miller and York 1988). It appears physically as a white powder (Appendix 5). The magnesium 
stearate powders have angular shapes as shown in the SEM picture (Figure 5.5).  
 
 
Figure 5.5: SEM picture of the magnesium stearate powder (X 500 magnification). 
 
 
5.2 Uniaxial die compaction 
5.2.1. Universal testing machine 
 
In this work, a universal testing machine is used to perform the uniaxial die compaction 
(Appendix 6). It is manufactured by Lloyds Intruments Ltd U.K. (model EZ-50). It has two 
interchangeable load cells; 50 kN and 1 kN load cells respectively. Therefore, the maximum force 
that it can apply during compaction is 50 kN. For each load cell, the accuracy is 0.02%. The cross-
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head speed can be varied between 16.7 µm/s to 42 mm/s driven by a high precision motor system. 
A safety system is also incorporated into the machine to stop the moving cross-head if the load cell 
is overloaded or its safety moving distance is exceeded. This machine was calibrated by UKAS 
(The United Kingdom Accreditation Service). 
A programmable-software called Nexygen PC (Lloyds Instrument U.K.) is supplied which 
controls the machine via an RS232 interface. The machine can then be programmed to perform ten 
different test procedures. Up to 600 runs can be stored under each test file, with a data-sampling 
rate of 8 kHz for each run executed. A user-defined test protocol is also included, with simple 
programming commands that allow users to create their own test procedures. 
 
 
5.2.2 Die set 
 
 The selection of the die set to be used in this work is based upon the cost, die wall surface 
quality, ease of availability and relative ease of use. Also, the die diameter was chosen based upon 
several factors, such as to produce tablets with near identical sizes with those actually produced 
commercially. As a result, an approximate 13 mm (or accurately 12.94 mm) diameter hardened 
steel die set manufactured by Specac U.K. was chosen and which could withstand a compaction 
load up to 10000 kg. Table 5.1 summarized the material properties of the hardened steel die and 
punches used in this work (Mohammed 2004 from Specac U.K.). 
 
Table 5.1: Die properties used in this work. 
Solid density 7700 kg/m3 
Elastic Young’s modulus 207 GPa 
 
 
5.2.3. Tablet formation 
 
The powders were weighed using a precision balance (model MC1, Sartorius, Germany) and 
then poured inside the die. The top punch was inserted on top of the powder bed inside the die prior 
to the start of the loading stage. A 50 kN load cell was used in the compaction of the powders to 
produce the tablets. 
The tabletting cycle for the investigation of the following tablet damage (Section 5.2.3.2), 
time-dependent elastic relaxation effects (Section 5.2.3.3) and material comparisons (Section 
5.2.3.4) basically involve the formation of a single layer tablet, which has been described previously 
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in Chapter 1 (Figure 1.1). Meanwhile, the formation of the bilayered tablets will be discussed in 
detail in Section 5.2.3.4. 
 
 
5.2.3.1 Tablet damage 
 
In order to produce damaged tablets, Paracetamol tablets having masses of 1.2g each were 
produced in an unlubricated die system. The compaction velocities during the loading and 
unloading stages were maintained at 4167 µms-1. The powders were compacted to form tablets at 
several compaction stresses which are 29 MPa, 95 MPa, 179 MPa and 341 MPa respectively. A 
bottom load cell was inserted under the die in order to measure the transmitted force through the 
powder bed simultaneously with the applied force during the loading-unloading stages. The bottom 
load cell has an accuracy of 5 N. 
 Magnesium stearate powders were also used to lubricate the die set. The lubricants were 
applied by using a powder brush onto the die walls and punch surfaces. The experiments carried out 
using the lubricated die set were under the same condition as those for the unlubricated die set. 
 
 
5.2.3.2 Time-dependent elastic relaxation properties of Starch tablets 
 
0.5g Starch tablets were formed in order to study the time-dependent elastic relaxation 
properties of the tablet during ejection. Two compaction velocities were used; 16.7 µms-1 and 4167 
µms-1. The same velocity was used for both the loading and unloading stages. The tablets were 
formed at several compaction stresses between a minimum of 23 MPa up to 190 MPa.  
 
 
5.2.3.3 Material comparisons 
 
 For the material comparison experiment, 1g tablets of Aspirin, Avicel and Paracetamol were 
formed at a compaction velocity of 167 µms-1 and 22.6 MPa compaction stress. The same velocity 
was used for both the loading and unloading stages. 
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5.2.3.4 Bilayered tablet formation 
 
 Figure 5.6 shows schematically the bilayered tablet compaction cycle where its formation 
involves two separate loading stages. Initially, 0.5g Avicel powder is inserted into the die and 
compacted to 22.6 MPa compaction stress to form the bottom first layer of the bilayered tablet. The 
upper punch is then removed and another 0.5g Avicel powder is inserted on top of the already 
formed initial bottom first layer of the bilayered tablet, therefore forming a 1g bilayered tablet. The 
final top second layer compaction stress is then applied to form a bilayered tablet. In the ejection 
stage, the lower punch is then removed and the bilayered tablet is ejected from the die by the 
downward movement of the upper punch. Three final top second layer compaction stress were used; 
22.6 MPa, 45.2 MPa and 90.4 MPa respectively. The compaction velocity was kept constant at 167 
µms-1 with the same velocity used for both the loading and unloading stages. 
Figure 5.6 Uniaxial die compaction process in the formation of a bilayered tablet. 
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5.3 Ejection experiment 
5.3.1 General preparation procedure 
 
After the unloading stage, the bottom punch was fully removed before ejecting the tablet 
and the 50 kN load cell was replaced with a 1 kN load cell to provide a more sensitive measurement 
of the force during ejection. For the study involving the tablet damage (Section 5.2.3.1) of the 
Paracetamol tablets, the ejection was carried out using the 50 kN load cell as the measured ejection 
forces were higher than those recorded in the other experimental conditions.  
Prior to the start of the ejection experiments, the load cell was brought into intimate contact 
with the upper punch by programming the cross-head to move at 16.7 µms-1 until the sensed forces 
were 0.5 N and 10 N for the 1 kN and 50 kN load cells respectively. This position would then be the 
datum point to mark the start of the ejection experiments. 
 
 
5.3.2 Tablet height elastic relaxation study during ejection 
 
  After the removal of the bottom punch, a laser displacement sensor (model LG10A65PIQ, 
Banner Engineering, U.S.A.) is held fixed at the bottom of the ejection rig, therefore measuring the 
displacement of the bottom tablet surface as it moves downward towards the laser sensor during the 
ejection until the tablet is completely extruded from the die cavity (Figure 5.7, Appendix 7 and 
Appendix 8). A small rig containing a white reflective surface weighing approximately 70mg was 
attached to the bottom surface of the unejected tablet using an instant cure cyanoacrylate adhesive 
so that the laser will be reflected outside the die cavity. This was instituted in order to avoid laser 
signal losses and interference due to the constriction of the die cavity and reflected laser signals 
from the mirror-polished die walls. The movement of the upper tablet surface could then be taken as 
the recorded displacement values of the load cell (yt) whereas the laser displacement sensor 
measured the displacement values of the bottom tablet surface (yb). The ejection velocity was kept 
constant at 167 µms-1. The load cell displacement values were measured continuously by the 
universal testing machine built-in extensiometer with an accuracy of 10 µm during the ejection 
stage. 
The analogue current output of the laser displacement sensor was calibrated with the 
displacement values of the load cell with a reflector attached to it moving by a 10 mm distance at a 
velocity of 167 µms-1, with the accuracy of the laser displacement data of 10 µm. Figure 5.8 shows 
the current output of the laser displacement sensor with the corresponding load cell displacement 
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values. The calibration of the current output of the laser displacement sensor with the displacement 
value is given by a relationship in the form of: 
 
( )016
10 IIy bb −=                                        Equation 5.1
     
where yb is the measured displacement value for the bottom tablet surface (in mm), Ib is the current 
measured at the displacement yb and I0 is the initial current measured at the start of the ejection 
stage (when the yb = 0).  
Based upon the displacement data of the load cell and the laser sensor, the relative 
movements of the tablet counter-faces or tablet height variation during ejection is described by: 
 
yyy tb ∆=−            
 
where yb is the bottom tablet displacement value measured by the laser sensor and yt is the 
corresponding load cell displacement value. yt is also taken to be the top tablet surface displacement 
due to the fact that the top tablet surface is adjacent to the moving upper punch which is in contact 
with the moving load cell. Therefore, y∆  is the change in the tablet height during ejection; a 
negative value denotes compression and a positive value denotes expansion. 
Figure 5.7: The ejection rig for the measurement of the tablet height elastic relaxation 
                      during the ejection of the tablet from the die cavity. The change in the tablet 
                      height is the difference between the recorded load cell displacement and the 
              bottom tablet surface displacement measured by the laser sensor that is 
                               fixed at the bottom of the ejection rig. 
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Figure 5.8: Calibration of the current output of the laser displacement sensor with the 
  load cell displacement. Note that the current output of the laser 
                displacement sensor is between 4 mA (at zero load cell displacement) to 
                               20 mA (when the load cell displacement is 10 mm). 
 
 
General measurement principles of the laser displacement apparatus 
 
 The laser displacement sensor used in this work utilizes an optical triangulation method to 
measure the displacement (Figure 5.9). An emitter transmits a laser beam through a lens towards the 
object to be measured. The laser beam is then reflected back from the object surface into another 
lens, which contains a position-sensitive device (PSD) receiver element.  The position of the laser 
beam that falls onto the PSD element changes with the movement of the object and is then 
processed by the microprocessors, which in turn yield the appropriate current output based upon the 
laser beam position on the PSD. 
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Figure 5.9: The optical triangulation method utilized by the laser displacement sensor. 
 
 
5.3.3 Tablet diametrical elastic relaxation study during ejection 
 
In order to continuously measure the tablet diametrical changes during emergence, a laser 
micrometer (VG-301, Keyence Corp. Japan) that utilizes a thrubeam measurement technique 
(Keyence VG300 series manual) was employed (Appendix 9 and Appendix 10). Basically, an 
emitter transmits the laser beam towards a receiver. If an object is placed between the emitter and 
the receiver, the laser beam will be interrupted. The corresponding ‘shadow’ dimensions will be 
measured by the receiver and sent to a microprocessor, which in turn will compute the object’s 
dimensions with an accuracy of 5 µm.  The laser micrometer was calibrated using steel gauge 
blocks (516-1-3-22, Mitutoyo Corp. Japan). The laser emitter-receiver system was placed 0.5 mm 
below the die exit (Figure 5.10). Therefore, the tablet diameter was measured at the die exit from 
onset of emergence until complete break away of the tablet from the die cavity. The data from the 
laser micrometer was read and captured via an RS-232 interface using appropriate software (RS-
232, Eltima Software).  
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Figure 5.10: The ejection rig for the measurement of the tablet diametrical elastic 
           relaxation during the ejection of the tablet from the die cavity. 
 
 
5.3.4 Possible source of experimental errors 
 
There are several possible experimental errors that can lead to inaccurate results obtained. For 
example, it is assumed that the lightweight rig attached to the bottom of the tablet surface during 
ejection will not affect the measured ejection force. It is considered as a reasonable assumption as 
the mass of the rig is low (70 mg). Another inherent problem in attaching the rig to the tablet is the 
uneven profile of the bottom tablet surface. The axial relaxation of the bottom tablet surface when 
the bottom punch is removed will cause to some extent formation of uneven surface profile that 
might cause the rig attached is slightly tilted, therefore not completely horizontal as described by 
Eiliazadeh et al. (2003). However, the relative unevenness in the surface is assumed to be small and 
the rig used occupied most of the tablet surface thus minimizing any slight tilting that might occur 
during ejection.  Tablet relaxation, which is known to be time dependent, will continuously relax 
from the moment the tablet is formed during the loading stage in the compaction cycle. Due to the 
need to attach a rig using an instant-cure liquid cyanoacrylate adhesive, there is a time interval from 
the moment the bottom punch is removed and attaching the rig to the bottom tablet surface and 
waiting for it to dry. It may affect the measured ejection force if the tablet relaxation in the radial 
and axial directions changes with time. In order to minimize this effect, the time interval between 
tablet formation and start of ejection is kept to a minimum as possible which is less than five 
minutes. Furthermore, the ejection experiment is designed to examine the ejection profiles, 
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therefore, the ejection force measured at the time of ejection and the corresponding measured axial 
relaxation of the tablet during ejection are the key data of interest and so prior relaxation is not 
taken into account.  
 In the experiments using the laser micrometer, both the laser transmitter and receiver have to 
be cleaned after each experimental run due to the sensitivity of the measuring device to dust. Also, 
the laser light intensity must be adjusted prior to every experimental run in order to maximize 
accuracy.   
Another possible source of error is the elastic deformation of the experimental components 
themselves during the ejection stage. This has been rectified by examining the elastic response of 
the apparatus by compressing a blank die.  The elastic compliance was measured up until 3.5 kN, 
hence covering all the measured ejection forces encountered in this work. Figure 5.11 show the 
elastic compliance (x) of the experimental apparatus measured by the 50 kN load cell. The elastic 
deformation of the apparatus is subtracted from the measured displacement values recorded by the 
load cell (y), based upon the interrelationship between the machine compliance (x) and the 
measured force (F) thus giving the true load cell displacement values, yt, where: 
 
Fyyt 3251.0−=                                        Equation 5.4 
 
for region A when 0 < F < 0.3 kN and 
 
0625.00584.00026.0 2 −−+= FFyyt                                     Equation 5.5 
 
 for region B for the case when 0.3 kN < F < 3.5 kN.  
 
In the case of the 1 kN load cell, the true load cell displacement value, yt, is given by: 
 
Fyyt 34178.0−=                                        Equation 5.6 
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Figure 5.11: The machine elastic compliance curve for the 50 kN load cell. 
 
5.4 Imaging study 
 
 The imaging technique used in this work comprises of ordinary photographic pictures of the 
damaged tablets and the electron microscopy images of the tablet surfaces. For the electron 
microscopy study, the samples were dried overnight in an oven at 103°C. The non-conductive 
nature of the tabletted materials required them to be gold coated in a sputter coater (K550, Emitech 
U.K.). Traces of colloidal silver paint were also painted from across the tablet surface of interest to 
the base of the sample holder in order to earth the tablet. The electron microscope was operated 
between 5kV to 20kV. The electron microscope used is JEOL JSM 5610 LV. 
 
 
5.5 Mechanical testing 
 
5.5.1 Direct tensile strength method 
 
 Two metal platens were each glued onto the tablet top and bottom surfaces using a 
cyanoacrylate adhesive and were left to dry overnight in order to ensure strong adhesive bonding 
between them, in accordance to the previous work by Inman (2008). The platens were then 
connected with one side to the load cell whilst the other side to the fixture on the testing machine 
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through a network of metal chains, as shown earlier in Figure 4.5 (Section 4.2.4). The load cell is 
programmed to move at a velocity of 16.7 µms-1 in the direction that causes the tablet to be pulled 
apart and undergo a tensile failure. The tensile strength of the tablet is calculated according to the 
procedure described earlier in Section 4.2.4. 
 
 
5.5.2 Indirect tensile strength method (Brazilian test) 
 
 
 The tablet is placed on its side as shown previously in Figure 4.4 (Section 4.2.3). The load 
cell is then programmed to move down onto the tablet at a velocity of 16.7 µms-1 until the tablet 
fractures diametrically. The tensile strength of the tablet that is measured indirectly in this method is 
calculated according to the Equation 4.1 as described earlier in Section 4.2.3. 
 
 
5.6 General comments on the experimental data  
 
 In this work, the experiments are repeated three to five times and the repeatability is 
considered adequate for the purpose of this current work (see Appendixes 14 and 15)  
 
 
In the following Chapter 6 and Chapter 7, it is indicated that some of the tablet height 
elastic relaxation and ejection force profiles do not cross the x-axis (the load cell displacement 
axis) at the end of the ejection stage when the tablets were fully ejected from the die cavity. This is 
due to the inability of the laser displacement sensor (Section 5.3.2) to accurately monitor the 
bottom tablet surface displacement more than 10 mm. Hence, the maximum limit in recording the 
tablet height elastic relaxation is when the displacement of the bottom tablet surface reaches 10 
mm. However, this will not undermine or affect the general trends shown and discussed in the 
following Chapter 6 and Chapter 7. 
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CHAPTER SIX 
TABLET DAMAGE AND TIME-DEPENDENT ELASTIC RELAXATION 
 
This Chapter demonstrates the existence of the tablet elastic relaxation during ejection. The tablet 
damages which are immediately visible upon ejection are found to be interrelated with the extent of 
the tablet elastic relaxation. The influence of the elastic relaxation on the corresponding ejection 
force have been observed and attributed to the dependency of the tablet radial stresses on the 
internal stored elastic energy. The time-dependent nature of the tablet elastic relaxation has also 
been studied and discussed in detail. 
 
6.1 Tablet damage 
 
Damaged Paracetamol tablets were produced by methods to enhance the capping and 
lamination tendencies via an optimization of the compaction conditions as described previously in 
Section 5.2.3.1. The chronological experimental findings and elucidation of them are detailed in the 
following Sections 6.1.1 to 6.1.5. 
 
6.1.1 Compaction load dependency 
 
 In this current study on the Paracetamol tablet damage, it is discovered that the severity of 
the damage incurred by the tablet increases with the applied compaction stress. The tablet damage is 
characterized in terms of the presence of cracks by means of direct physical observation on the 
tablet diametrical side surfaces. In order to obtain further understanding of the behaviour of the 
Paracetamol powders during the tablet formation in the loading stage, the elastic and plastic works 
done during loading are calculated and plotted as a function of the applied compaction stress. The 
elastic and plastics works done during the loading stage are defined as the area A and B under the 
force-displacement curve obtained during the loading and unloading stages as illustrated earlier in 
Figure 2.1 (Section 2.3.1).  
As shown in Figure 6.1, the elastic work done during the loading stage increases in a linear 
fashion with the applied compaction stress in the unlubricated die system. The calculated plastic 
work also increases but in an exponential form with the applied compaction stress. An increase in 
the amount of plastic work done during the loading stage should, therefore, produce more 
mechanically coherent tablets and hence a decrease in the possibility of tablet damage. This is 
believed to be the result of the increase in the plastic bonding between the deformed particles and 
hence forming a mechanically stronger final tablet (Mohammed 2004). However, in this particular 
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study of the Paracetamol tablets, it is observed that the increase in the plastic work did not eliminate 
the occurrence of tablet damage but instead more severely damaged tablets were produced. It is also 
noticeable that as the compaction stress increases, the plastic work done during the tablet formation 
increases relatively higher than the elastic work. It is then believed that the calculated plastic work 
during the loading stage does not represent the ‘true’ amount of plastic work due to the fact that the 
tablet after the unloading stage has a stored elastic energy. Only a partial of the elastic energy is 
released depicted by the tablet elastic height expansion represented as the elastic work done during 
the loading stage.  
 
Figure 6.1: Elastic work done during the loading stage at various ultimate applied 
                           compaction stresses for 1.2g Paracetamol tablets in an unlubricated die set. 
 
 
In order to substantiate this hypothesis, the maximum ejection stresses recorded during the 
ejection stage are plotted against the applied compaction stresses as illustrated in Figure 6.2. The 
maximum ejection stress is calculated as the maximum recorded force during the ejection stage 
divided by the cross sectional area of the die cavity. This increasing trend of the maximum ejection 
stress (Pe) indicates the increase in the radial die wall stress (σ(xx)w) with the applied compaction 
stress (σyy). The radial die wall stress (σ(xx)w) arises due to the tablet internal stored elastic energy 
causing the tablet body to expand and thus pushing onto the die walls. Therefore, the tablet stored 
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elastic energy increases with the applied compaction stress and the exponential increase in the 
calculated plastic work as shown in Figure 6.1 is believed to be largely due to the increase in the 
tablet stored elastic energy, as opposed to the increase of the tablet internal bonding by plastic 
deformation. 
 
Figure 6.2: Variations of the maximum ejection stress (Pe) with the compaction stress. 
 
The interrelationship between the maximum ejection stress (Pe) which is a measure of the 
frictional resistance to the tablet movement during ejection with the applied compaction stress (σyy) 
during loading is given by: 
 
yywwwxxwe KP ψσµσµ == )(                                       Equation 6.1 
 
where µw is the die wall coefficient of friction, Kw is the Walker coefficient of active earth pressure 
and ψ is the distribution factor which has been described previously in Section 3.4.1. Equation 6.1 
has been formulated by the assumption that the radial die wall stress (σ(xx)w) measured at the 
maximum ejection stress is linearly proportional to the applied compaction stress. However, as 
shown in Figure 6.1, the maximum ejection stress varies logarithmically with the corresponding 
applied compaction stress where initially the gradient of the curve is relatively higher then started to 
decrease and level off asymptotically as the applied compaction stress increases. The underlying 
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cause for this behaviour can be reasonably attributed to the variation of µw with the applied 
compaction stress (σyy), where: 
 
α
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σ
τµ +=+=
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w K
0
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0
                                     Equation 6.2 
  
and hence: 
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 As indicated in Equation 6.2, when σyy increases, µw decreases asymptotically towards the 
constant value of α. The ejection stress (Pe) would then be expected to behave in a similar fashion if 
Kw and ψ are considered constants and hence yielding a logarithmic variation with σyy. 
 Therefore, it has been shown in this Section 6.1.1 that the tablet stored elastic energy 
increases with the applied compaction stress. The manner of which how this stored energy is 
released during the ejection stage is discussed in detail in the following Section 6.1.2. 
 
 
6.1.2 Elastic relaxation during ejection 
6.1.2.1 Tablet height elastic relaxation 
 
Graphical data representation of tablet height elastic relaxation 
 In order to study how the stored elastic energy of the tablet is dissipated in the ejection 
stage, the variation of the tablet dimensional or elastic relaxation of the tablet during ejection has 
been studied. Figure 6.3 (a to d) illustrates the tablet height changes and the corresponding 
measured ejection forces as a function of the moving load cell that is extruding the tablet from the 
die. ∆y values represent the change in the tablet height where a positive value indicates that the 
tablet has an increase in its height (expanded axially) whereas a negative value indicates that it has a 
decrease height (compressed axially).  
 
Initial stage of ejection: tablet recompression and ‘static’ friction 
In the early stages of ejection, for all cases studied, a decrease in the tablet heights is 
observed, represented by the negative values of y∆ (Figure 6.3 (a to d)). The decrease in the tablet 
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height indicates that the tablet undergo ‘recompression’ in the early stages of ejection. The initial 
maximum ejection forces as observed in Figure 6.3 (a to d) correspond to the region where the 
tablets begin to experience recompression, commonly known as the ‘static friction’ during ejection 
(Macleod and Marshall 1977). However, the term ‘static friction’ is misleading as the tablet 
experiences a slight micro-slip movement at the beginning of the ejection stage when the force is 
applied onto it, as illustrated by the zero ∆y values representing equal movement between the upper 
tablet surface (adjacent to the moving upper punch) and the lower tablet surface (see an example 
shown in Appendix 12 for the amplification of the tablet height elastic relaxation and the ejection 
force profiles in the early stages of the ejection indicating the presence of the tablet micro-slip). 
This physical state of the tablet experiencing recompression in the early stages of the ejection might 
be reasonably understood due to the existence of the initial residual radial stresses exerted by the 
tablet body onto the die walls (σ(xx)w). When the force is imposed upon the tablet body at the start of 
the ejection process, additional radial stresses will be transmitted to the die walls. This in turn will 
add up to the existing initial residual die wall stresses, reasoning which is supported by radial die 
wall force measurements performed by Takeuchi et al. (2004) that displayed a ‘spike’ or sudden 
increase in the die wall forces in the early stages of ejection. An increase in the overall radial die 
wall stress (σ(xx)w) will lead to an increase in the ejection stress (Pe) as indicated in Equation 6.1 
(Section 6.1.1). As a result, it is assumed that in the initial period of the ejection stage, additional 
stresses are transmitted through the tablet and radial stresses quickly build up in the region near the 
top half of the tablet compared to the bottom half. Consequently, the movement of the bottom tablet 
surface is impeded as the punch descends onto it; causing the recompression of the top half of the 
tablet. In turn, the tablet experiences an overall height reduction, which is more prominent at the 
higher applied compaction stresses.  
 
Further movement of tablet: height expansion and ‘dynamic’ friction 
After the tablet experiences recompression, the y∆ values become more positive which 
correspond to an increase in the tablet height and simultaneously the ejection force drops abruptly 
from its maximum value. The drop in the maximum ejection force after the initial maximum value 
during tablet ‘recompression’ is larger at higher compaction stresses. This leads to the assumption 
that the release in the stored elastic energy after the tablet recompression is higher for the tablets 
formed at the higher compaction stresses. Hence, the tablet mechanical integrity might be 
compromised at this point due to breaking of the tablet internal bonds during the volumetric 
expansion. These height expansions are becoming more apparent as the tablets are pushed further 
out of the die cavity. This is most possibly due to the breaking up of the initial adhesive plastic 
junctions formed between the tablet - die wall interface in the loading stage. Simultaneously, a 
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decay in the measured ejection forces is also observed, a phenomenon which is commonly known 
as ‘dynamic friction’ (Marshall and Macleod 1977) giving a qualitative indication of the release of 
the stored elastic energy of the tablet undergoing the volumetric expansion during ejection. The 
continuously measured ejection forces are generally inversely proportional to the variations in the 
tablet heights, y∆ values, indicating a possible relationship between the observed ejection forces 
and the tablet height variations. The apparent general relationships are that a positive slope in the 
tablet variation curves ( y∆ ) corresponds to an increase or positive slope in the ejection force 
profiles and vice versa. 
 
 Emergence of the tablet from the die: further height expansions 
The precise time or absolute displacement at which the tablet starts to emerge from the die 
cavity is difficult to ascertain. Thus, a time interval where emergence is believed to take place is 
selected as illustrated in Figure 6.3. When the tablet emerges from the die cavity, the emerged part 
of the tablet body is free to relax without the constraints of the die walls thus facilitating the 
increase in the tablet heights. Hence, the release in the stored elastic energy of the tablet due to the 
tablet height expansion during emergence further causes the decrease in the die wall friction. The 
corresponding ejection forces are also decreasing in an almost linear fashion with the corresponding 
increase in the y∆ values during emergence, demonstrating the influence of the tablet height elastic 
relaxation on the die wall friction.  
 
Abrupt elastic relaxation: probable fracture points of the tablet body 
Another important aspect of the tablet height elastic relaxation is the occurrence of a rapid 
elastic expansion followed by a contraction depicted by the abrupt increase and decrease of the 
y∆ values. This cyclic elastic relaxation behaviour of the tablet is more pronounced as the 
compaction stress increases. It is believed that these abrupt changes in the tablet height which occur 
as the tablet is nearly ejected from the die cavity, represent the violent release of the tablet stored 
elastic energy due to the tablet experiencing fracture. This reasoning is further supported by the 
sudden drop in the measured ejection force that corresponds with the rapid elastic relaxation 
behaviour as depicted in Figure 6.3 (c and d). However, the probable fracture point observed in 
height elastic relaxation profile of the tablet formed at the lower compaction stress of 95 MPa 
(Figure 6.3 (b)) does not show any drop in its corresponding ejection force. This probably indicates 
that the release of the tablet stored elastic energy when the tablet fractured have a lesser effect on 
the die wall stresses (σ(xx)w) and ultimately the ejection stress in comparison to those in the case of 
the higher compaction stresses of 179 MPa and 341 MPa (Figures 6.3 (a) and (b)). The location of 
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these probable fracture points at the top half of the tablet body gives an indication of the presence of 
a non-uniform radial die wall stress (σ(xx)w) along the tablet body where it is assumed to be higher 
near the top half of the tablet body and decreasing towards the bottom half. Therefore, the higher 
die wall stresses located near the upper tablet body adjacent to the moving upper punch will then be 
reflected in a relatively higher elastic relaxation in the region and hence the occurrence of capping 
and lamination in this particular section of the tablet body. 
 
Increase in the tablet stored elastic energy enhances tablet failure 
The final increase in the tablet height measured when the tablet is fully ejected from the die 
(final ∆y value measured when the tablet is completely ejected from the die) is relatively higher at 
the higher compaction stresses. The previously discussed abrupt cyclic elastic relaxation that leads 
to the tablet being damaged also increases with the increase in the compaction stresses. These trends 
give evidence that as the compaction stress increases, the tablet stored elastic energy increases, 
which in turn causes a higher tablet elastic height relaxation that eventually enhances the probability 
of the tablet to mechanically fail during the ejection. 
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Figure 6.3 (a): The Paracetamol tablet height elastic relaxation ( y∆ ) and the ejection 
                              force profiles at 29 MPa compaction stress in an unlubricated die system. 
                             The increase in the tablet height corresponds to a decrease in the ejection 
                                    force. 
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Figure 6.3 (b): The Paracetamol tablet height elastic relaxation ( y∆ ) and the ejection 
                 force profiles at 95 MPa compaction stress in an unlubricated die 
                  system. The initial reduction in the tablet height corresponds to an 
                     abrupt increase in the ejection force, followed by the increase in the 
                           tablet height and the corresponding decrease in the ejection force. Note 
                       the occurrence of an abrupt elastic relaxation in the elastic relaxation 
                           profile believed to be the fracture point of the tablet during the ejection. 
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Figure 6.3 (c): The Paracetamol tablet height elastic relaxation ( y∆ ) and the ejection 
                     force profiles at 179 MPa  compaction stress in an  unlubricated die 
                        system. Note the occurrence of abrupt elastic relaxations in the elastic 
                  relaxation profile that are believed to be the fracture points, which 
           correspond to the instantaneous decrease in the ejection force. 
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Figure 6.3 (d): The Paracetamol tablet height elastic relaxation ( y∆ ) and the ejection 
                   force profiles at 341 MPa compaction stress in an unlubricated die 
                         system. Note the occurrence of abrupt elastic relaxations in the elastic 
                   relaxation profile that are believed to be the fracture points, which 
                             correspond to the instantaneous decrease in the ejection force. The tablet 
                                     laminated before ejection completed. 
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6.1.2.2 Tablet diametrical elastic relaxation 
 
Figure 6.4 (a to d) shows the diametrical elastic relaxations of the Paracetamol tablets 
measured in the ejection stage during emergence from the die cavity. As can be observed in Figure 
6.4, variations exist in the tablet diameter during emergence. The general feature of the profiles 
illustrates the continuous variations of the tablet diameters. These are similar to the surface profiles 
obtained from the profilometry studies (Podczeck et al. 1999; Inman et al. 2007) and tablet 
diametrical measurements after ejection (Nam et al. 2003). In the surface profile study, the tablet 
usually has already reached its final shape at equilibrium due to the measurement conducted after a 
certain time interval from its initial formation. This on-line study provides data of the tablet 
diameter in a state of continuous elastic relaxation during the ejection stage itself prior to its final 
equilibrium shape.  
 
Localised diametrical fluctuations and overall non-linear relaxation profile 
When the tablet initially emerges from the die cavity, there is generally a sudden increase in 
the tablet diameter which then decreases to a lower value. The amplitudes of these initial diameter 
fluctuations are approximately between 20 µm to 40 µm measured between the highest and lowest 
recorded tablet diameter which then decreases to a near constant value when the tablet emerges 
further from the die. It is assumed that the localized cyclic expansion-contraction cycles originated 
from the release of the localized stored elastic energy or the actual topographical nature of the tablet 
circumferential surface although the latter has not been studied in this work. Apart from the 
localized cyclic diametrical variations, the general feature of the profiles indicates that the average 
diameter of the tablet varies which in most cases, as illustrated in Figure 6.4 (b to d), displays a 
higher measured tablet diameter as it is nearly ejected from the die. This gives further evidence on 
the notion that for the case of the Paracetamol tablets, a higher elastic relaxation which is caused by 
a higher tablet internal stored elastic energy, is located in the upper region of the tablet body. The 
increase in the tablet diameter is also non-linear, giving indications of a non-linear elastic relaxation 
gradient present along the tablet circumferential surfaces. An examination of the ejection force 
profiles as shown in Figure 6.4 (a-d) also support this reasoning as the force profiles varies non-
linearly when the tablet is extruded from the die. 
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Abrupt elastic relaxation: probable fracture points of the tablet body 
Similar to the tablet height profiles shown earlier in Figure 6.3 (a to d), the diametrical 
profiles also displayed sudden localized elastic relaxations in the upper part of the tablet body. This 
is indicated by an abrupt increase in the tablet diameter, which corresponds to the drop in the 
ejection force, where this abrupt change in the tablet diameter increases with the compaction stress. 
The area where this localized elastic relaxation occurs is believed to be the fracture point on the 
tablet body.  
 
Waviness in the diametrical elastic relaxation profile 
In general, when the compaction stress increases, the final tablet diameter measured at the end of 
the ejection increases. The rapid elastic relaxation occurring at the end of the ejection stage that is 
assumed to represent the fracture point on the tablet body also increases as the applied compaction 
stress increases. At the low compaction stress of 29 MPa (Figure 6.4 (a)), there is no obvious abrupt 
change in the tablet diameter in the upper part of the tablet body as observed at the higher 
compaction stresses, instead a ‘waviness’ in the profile is recorded. It is assumed that this implies 
that the tablet does not suffer obvious surface cracks which is proven by visual inspection of the 
tablet. Nevertheless, the ‘waviness’ in the diametrical elastic relaxation profile suggests that the 
overall mechanical integrity of the tablet might be compromised due to the weakening of the tablet 
internal bonds caused by the stretching and contraction of the tablet body during emergence. 
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Figure 6.4 (a): The Paracetamol tablet diametrical elastic relaxation and the ejection 
                               force profiles at 29 MPa compaction stress in an unlubricated die system. 
                                     Note the ‘waviness in the diametrical elastic profile. 
 
 
 
 
Tablet diametrical elastic relaxation profile
12925
12950
12975
13000
13025
13050
13075
13100
13125
13150
13175
0 2 4 6 8
Load cell displacement during emergence / mm
Ta
bl
et
 
di
am
et
er
 
/ µ
m
Initial detected emerging 
tablet diameter
Tablet  
fully ejected
Ejection force profile
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0 2 4 6 8
 Load cell displacement during emergence / mm
Eje
ct
io
n
 
fo
rc
e 
/ k
N
Initial detected emerging tablet 
diameter
Tablet  
fully ejected
Chapter 6: Tablet damage and time-dependent elastic relaxation 
 83
 
Figure 6.4 (b): Tablet diametrical elastic relaxation and the ejection force profiles 
                       at 95 MPa compaction stress in an unlubricated die system. Note the 
                             abrupt diametrical expansion at the top part of the tablet near the end of 
                         the ejection stage corresponding to the decrease in the ejection force, 
                 which is believed to be the fracture point of the damaged tablet. 
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Figure 6.4 (c): The Paracetamol tablet diametrical elastic relaxation and the ejection 
                    force profiles at 179 MPa compaction stress in an unlubricated die 
                               system. Note the abrupt diametrical expansion at the top part of the tablet 
                         near the end of the ejection stage corresponding to the decrease in the 
                             ejection force, which is believed to be the fracture point of the damaged 
                                     tablet. 
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Figure 6.4 (d): The Paracetamol tablet diametrical elastic relaxation and the ejection force   
                         profiles at 341 MPa compaction stress in an unlubricated system. Note the abrupt  
                         diametrical elastic relaxation cycles at the top part of the tablet near the end of the  
                         ejection stage corresponding to the decrease in the ejection force, which are believed  
                         to be the fracture points of the laminated tablet. The abrupt diametrical elastic  
                         relaxation seems to correspond to the abrupt height elastic relaxation occurring in  
                         Figure 6.3 (d), although the exact contraction-expansion cycles cannot be accurately 
                         determined due to the limitations of the experimental equipment utilized in this                    
                         work. 
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6.1.2.3 First-order calculation of the tablet stored elastic energy 
 
Definition of the ejection work 
Based on the results obtained for the tablet height relaxation, the increase and decrease of 
the ejection force is clearly dependent upon the tablet height variations, ∆y. In general, an increase 
in the ejection force corresponds to the increase in the tablet recompression and decrease in the 
ejection force corresponds to the tablet experiencing height expansion. Hence, it is predicted that 
the amount of energy spent during the ejection phase is a quantitative measure of the tablet stored 
elastic energy. This is a reasonable hypothesis, as previously discussed the elastic energy causes the 
tablet to exert stresses onto the die walls and therefore affecting the frictional work during its 
sliding motion.  This frictional work during ejection is termed as the ejection work which is defined 
as the area under the force-displacement curve of the ejection profiles illustrated in Figure 6.3 (a to 
d).  
 
Increase of the ejection work and the final Paracetamol tablet height expansion 
Figure 6.5 illustrates that the final ∆y recorded at the end of the ejection (i.e. when the tablet 
is completely ejected from the die) increases with the calculated ejection work. Therefore, a higher 
ejection work will cause a higher final extent of the tablet height expansion as denoted by the higher 
positive values of the ∆y due to the release of the tablet stored elastic energy during ejection. When 
the tablet experiences height expansions, the tablet internal bonds are stretched, especially at the 
lower ejection works, where the stored elastic energy is released mainly by the final height 
expansions. A further increase in the ejection work will cause a higher final tablet elastic height 
expansion up to a point when fracture occurs. The logarithmic interrelationship between the tablet 
height expansion and the ejection work indicates that there is a certain maximum amount of 
stretching that the internal Paracetamol tablet bonds can withstand before fracture occurs, resulting 
in the decrease rate of the tablet height expansion and the increase in the tablet damages due to 
fracture. 
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Figure 6.5: Variations of the final ∆y values with the calculated ejection work. 
 
 
6.1.3 Fracture characteristic of damaged tablets 
 
Cracks appearing on the upper halves of the damaged tablets 
 Figures 6.6 and 6.7 show the damages incurred on the Paracetamol tablets upon ejection. As 
discussed in the previous Section 6.1.1, the severity of the damages incurred on the Paracetamol 
tablets increases as the compaction stress increases. At the lower compaction stress of 179 MPa 
(Figure 6.6), a single crack can be observed resulting in capped tablets whereas at the higher 
compaction stress of 341 MPa (Figure 6.7), several horizontal cracks appeared across the tablet 
diameter and will probably be more suitable to be described as a lamination failure. The region 
where the cracks appeared are located in the upper part of the tablet body supporting the elastic 
relaxation data (Section 6.1.2) which indicate probable fracture points in this region. It is assumed 
that the presence of a higher elastic relaxation in this region is caused by the additional radial die 
wall stresses exerted by the moving upper punch onto the area adjacent to it on the tablet body 
which is the upper part of the tablet during ejection.  A higher compaction stress will produce a 
higher initial radial die wall stress prior to ejection which then resulted in a higher ejection stress 
required to push the tablet out from the die cavity leading to a more pronounce tablet failure as 
illustrated in Figures 6.6 and 6.7. 
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Figure 6.6: A 1.2g Paracetamol tablet formed at 179 MPa in an unlubricated die. 
 
 
Figure 6.7: A 1.2g Paracetamol tablet formed at 341 MPa in an unlubricated die. 
 
 
Fracture surface: indication of the occurrence of a fast-brittle fracture 
Figures 6.8 and 6.9 show the SEM pictures of the fracture surface areas of the damaged 
Paracetamol tablets. Please see Appendix 13 for other various magnifications of the fracture 
surface. The original particles cannot be differentiated and this implies that the particles in the 
fracture area have been deformed to a large extent. This leads towards the assumption that in the 
fracture area, large stresses were present and hence producing a high tablet stored elastic energy in 
the region due to Paracetamol particles brittle deformation behaviour.  It is also observed that the 
fracture surface, apart from the presence of debris, otherwise is relatively clean and smooth with 
sharp-angled cleavages. These physical characteristics of the fracture surface are typical of those 
caused by a fast brittle fracture (Parrington 2002). The release of the tablet stored elastic energy 
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sufficient to introduce a fast brittle crack failure is probably the main cause of the damages seen in 
Figures 6.6 and 6.7. 
 
 
Figure 6.8 The fracture surface of a damaged 1.2g Paracetamol tablet 
                                           (X 230 magnification). 
 
 
Figure 6.9: The fracture surface of a damaged 1.2g Paracetamol tablet 
                                           (X 500 magnification). 
 
Tablet circumferential surface: deformation gradient along the tablet height 
Close examinations of the tablet side surfaces via the use of the SEM imaging demonstrate 
variations of the deformation characteristics of the surfaces from the top towards the bottom half of 
the tablet (Figures 6.10, 6.11 and 6.12). Apart from the obvious crack formations seen earlier in 
Figures 6.6 and 6.7, there are more radial surface cracks which are parallel to the main crack and 
the tablet counter-faces as illustrated by the SEM images. The crack opening relatively decreases 
from the top towards the bottom half of the tablet, and no cracks are visible on the surfaces near the 
bottom half as shown in Figure 6.12. The increase in the relative crack severity depicted by the 
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larger crack opening near the top part of the tablet implies the presence of a relatively higher 
stresses therefore producing a higher elastic relaxation leading towards the pronounced failures.  
The surfaces are also smoother near the top half (Figure 6.10) compared to those near the bottom 
half (Figure 6.12) of the tablet where apparent individual particles can still be distinguished. These 
leads towards the conclusion of more deformed particles at the top half of the tablet side surfaces in 
comparison to those located near the bottom half further supporting the notion of the presence of a 
high stress region in the upper half of the tablet body.  
 
Ratio of the transmitted to applied stress: indication of die wall friction 
Figure 6.13 shows the ratio of the transmitted to the applied stress. The transmitted stress 
was measured by inserting a bottom load cell below the static bottom punch, allowing for the 
continuous measurement of the forces exerted onto the bottom load cell during the loading-
unloading stages of the compaction cycle. As illustrated in Figure 6.13, non- equal stresses are 
measured at the top and bottom tablet surfaces which lower forces are recorded at the bottom tablet 
surface. During loading, the die wall friction will introduce a stress gradient along the powder bed 
height where higher stresses near to the moving upper punch which is compacting the powder and 
lower stresses near the bottom static punch. When the upper punch descends further in its 
downward movement causing further densification of the tablet resulting in the higher final applied 
compaction stress, the stress transmission ratio increases as indicated by the data in Figure 6.13. 
The improvement in the stresses transmitted between the upper and lower punches during the 
loading stage at the higher compaction stress is probably due to the decrease in the wall friction as 
the distances between the upper and lower punches decreases. Therefore, the deformation gradient 
observable in the tablet side surfaces can to a certain extent be assumed to originate from the 
inhomogeneous stress transmission through the powder bed during the densification. Since the 
tablet is static during the loading stage, it is then of particular interest to study the effects of the 
sliding motion during the ejection stage on the tablet side surfaces and this is discussed in the 
following Section 6.1.4. 
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Figure 6.11: Side surface in the middle half of an ejected 1.2g Paracetamol tablet,  
                     where the red arrow indicates the direction towards the top half of the 
                     tablet (X 100 Magnification). 
100 µm 
Top surface 
Figure 6.10: Side surface near the top half of an ejected 1.2g Paracetamol tablet, 
                    where the red arrow indicates the direction towards the top and the blue 
                    arrow shows the top surface of the tablet (X 100 Magnification). 
 
100 µm 
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Figure 6.13: Variations of the stress transmission ratio during loading in an 
   unlubricated die system (1.2g Paracetamol tablets). 
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Figure 6.12: Side surface near the bottom half of a 1.2g Paracetamol tablet, where 
                    the red arrow indicates the direction towards the top and the blue arrow 
                    shows the bottom surface of the tablet (X 100 Magnification). 
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6.1.4 Junction growth phenomenon 
 
Higher deformation of the side surface in comparison to the top and bottom surfaces 
 In order to investigate the effects of sliding on the deformation of the tablet side surfaces, 
the final ejected tablet top, bottom and side surfaces SEM images were compared as shown in 
Figures 6.14 to 6.16. It can be observed that some of the Paracetamol particles are still 
distinguishable with the top surface (Figure 6.14) displaying a relatively higher deformation 
compared to the bottom surface (Figure 6.15). The higher extent of deformation occurring on the 
top tablet surface is due to the higher stresses it experienced during the loading stage due to it being 
adjacent to the moving upper punch. Meanwhile, the bottom tablet surface which is adjacent to the 
bottom static punch displays a lower extent of surface deformation because of the lower stresses 
occurring in the region. This is as indicated by the force transmission data in Figure 6.13. Hence, it 
is predicted that the tablet side surfaces will somewhat show a relative degree of deformation lower 
than those observed at the top surface as the stresses at the side surfaces in the direction towards the 
die walls (σ(xx)w) is only a partial of the transmitted axial stress (σyy) through the tablet either during 
the loading stage or during the ejection (Section 6.1.1). However, the extent of the tablet side 
surface deformation is comparatively higher in comparison to those observed for both the top and 
bottom surfaces as shown qualitatively in Figure 6.16. This perplexing result can be reasonably 
explained by the occurrence of a junction growth in the tablet – die wall contact area during the 
initial sliding motion of the tablet during ejection. 
 
Mechanism of the junction growth: tablet initial micro-slip movement  
The adhesion between the tablet surface and the die walls prior to the ejection is caused by 
attractive molecular forces between the atoms at the true contact area of the surfaces. These forces 
must be overcome in order to initiate the tangential sliding of the tablet that involves the separation 
and breaking of these interfacial junctions between the two mating surfaces. In the first instance of 
the ejection, the tablet moves in a relatively small distance as illustrated previously in Figure 6.3 (a 
to d) (Appendix 12 for the amplification of the initial period of the tablet movement) represented by 
the ∆y = 0 values (equal movement of the top and bottom tablet surfaces). This micro-slip 
movement of the tablet is then followed by an apparent tablet recompression. Simultaneously, the 
corresponding ejection force increases abruptly towards a maximum. Hence, it implies that during 
the micro-slip movement, the true contact area between the tablet and the die wall increases 
considerably causing the tablet to be temporarily seized within the die. As the true contact area 
increases with the distance the upper punch moves in pushing the tablet out, the force needed to 
overcome the increasing tablet – die wall interfacial adhesion increases denoted by the abrupt 
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increase in the ejection force. As discussed in Section 6.1.2, the tablet recompression is caused by 
the build-up of the additional stresses in the top half of the tablet in the early stages of the ejection. 
These additional stresses most probably originated from the overcoming of these interfacial junction 
growths as the true contact area approaches the geometric area before gross sliding occurs. When 
the gross sliding occurs, the interfacial junctions are then deemed to be broken and hence as shown 
in Figure 6.3 (a to d), the ejection force decreases sharply and the tablet starts to experience elastic 
expansion. The extent of junction growth is more pronounced towards the top half of the tablet, 
further giving evidence of the higher stresses and hence the elastic relaxation in the top half of the 
tablet during the ejection stage.  
 
 
 
 
 
 
 
 
Figure 6.14: Top surface of a 1.2g Paracetamol tablet (X 500 magnification). 
50 µm 
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6.1.5 Effects of die wall lubrication 
 
Lower extent of tablet damage and the reduction in the elastic relaxation 
 The damages seen in the Paracetamol tablets in this work were reduced by the incorporation 
of a solid powder lubricant onto the die sets which has been described in the Chapter 5. The 
reduction of the tablet capping and lamination tendencies can be observed in the tablet height elastic 
relaxation profiles illustrated in Figure 6.17 (a to d). Intact tablets observed physically upon ejection 
with no visible surface cracks were formed at the low compaction stresses of 29 MPa and 95 MPa 
in the lubricated die set where previously in the unlubricated die set, surface cracks were observed 
Figure 6.15: Bottom surface of a 1.2g Paracetamol tablet (X 500 magnification). 
50 µm 
Figure 6.16: Side surface in the middle half of a 1.2g Paracetamol tablet (X 500 magnification) 
50 µm 
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in the tablets formed at 95 MPa. Meanwhile, the tablet formed at the highest compaction stress of 
341 MPa in the lubricated die set shows a relatively lower extent of damage, where intact tablets are 
still obtainable upon ejection. This is shown in Figure 6.18. The final extent of the tablet height 
elastic relaxations are generally lower for the lubricated die system compared to the unlubricated 
system which is more pronounced at the higher compaction stresses. The height elastic relaxation 
profiles for the lubricated die set also does not indicate any obvious abrupt elastic expansion - 
contraction cycles that have been attributed to as the fracture point observed previously in the tablet 
elastic height relaxation profiles of the unlubricated die set (Figure 6.3 (a to d)) except for the case 
of the tablets formed at the compaction stress of 179 MPa (Figure 6.17 (c)). There is an apparent 
similarity between the tablet height elastic relaxation profiles observed for the lubricated (Figure 
6.17 (c)) and the unlubricated (Figure 6.3 (b)) systems with similar qualitative physical damages 
observed for the unlubricated case are present at a higher compaction stress in the lubricated 
system.  In the case of the tablet diametrical elastic relaxation behaviour (Figure 6.19 (a to d)), the 
recorded tablet diameters are comparatively lower than the unlubricated system in each compaction 
stress demonstrating a lesser extent of the diametrical elastic relaxation during emergence. The 
apparent overall linear tablet elastic diametrical relaxation profiles and the absences of the 
‘waviness’ and the sharp localized elastic relaxation in the upper region of the tablet found earlier in 
the unlubricated case (Figure 6.4 (a to d)) suggest that the diametrical elastic relaxation along the 
tablet height is constant. Hence, it can be assumed that there is a comparatively lower apparent 
elastic relaxation gradient in the lubricated system indicating a more homogeneous stress 
distribution within the tablet body during the ejection. 
 
 
Lower ejection works in the lubricated system 
 
Table 6.1 lists the ejection work which is defined as the area under the ejection force profile 
(Section 6.1.2) demonstrating that the tablets formed in a lubricated die system exhibited lower 
ejection works compared to those encountered in the unlubricated system. These findings give 
further indication of the lubricants role in minimizing the physical elastic relaxation and friction of 
the tablet during the ejection leading towards the mitigation of the tablet damage. 
 
 
Possibility of a different tablet failure mechanism for the lubricated system 
Another interesting result for the lubricated system is the anomaly observed at the highest 
compaction stress of 341 MPa (Figure 6.17 (d)) where the lowest maximum ejection force is 
recorded amongst the data set. Although the tablet produced at this particular compaction stress is 
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apparently damaged more severely compared to those in the other compaction stresses in the 
lubricated conditions, the calculated ejection work is the lowest as shown in Table 6.1. The crack 
patterns of the damaged tablets formed at the highest compaction stress of 341 MPa for the 
lubricated system (Figure 6.18) also differed enormously from those seen in the unlubricated die set 
(Figure 6.7). The peculiar crack patterns, showing ‘zig-zag’ crack propagations across the tablet 
body might indicate uniform stresses within the tablet in comparison with the unlubricated system 
in which the crack densities are highest in the upper part of the tablet (Section 6.1.3). These results 
suggest a mechanism of failure different from those in the unlubricated die system which is most 
probably not to be dependent upon the tablet elastic relaxation during ejection. Hence, these 
observations have not been fully elucidated in this work. 
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Figure 6.17 (a): The Paracetamol tablet height elastic relaxation (∆y) and the ejection 
                           force profiles at 29 MPa compaction stress in a lubricated die system. 
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Figure 6.17 (b): The Paracetamol tablet height elastic relaxation (∆y) and the ejection 
                           force profiles at 95 MPa compaction stress in a lubricated die system. 
                              Note the absence of the abrupt elastic relaxation in comparison to those 
      observed in the unlubricated die system (Figure 6.3 (b)). 
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Figure 6.17 (c): The Paracetamol tablet height elastic relaxation (∆y) and the ejection 
                            force profiles at 179 MPa compaction stress in a lubricated die system. 
                          Note the abrupt elastic relaxation corresponding to the decrease in the 
                   ejection force, similar to the previous case of the unlubricated die 
                   system at the lower compaction stress of 95 MPa (Figure 6.3 (b)). 
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Figure 6.17 (d): The Paracetamol tablet height elastic relaxation (∆y) and the ejection 
                             force profiles at 341 MPa compaction stress in a lubricated die system. 
                              Note the absence of the abrupt elastic relaxation in comparison to those 
      observed in the unlubricated die system (Figure 6.3 (d)). 
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Table 6.1: Comparison of the lubricated and unlubricated ejection works. 
Ejection work / mJ 
Compaction stress / MPa 
Unlubricated die Lubricated die 
29 768 144 
95 6620 245 
179 9993 346 
341 14110 90 
 
 In terms of the interfacial contact region between the tablet side surface and the lubricated 
die wall, the magnesium stearate has been previously suggested to readily form a boundary 
lubrication at the die wall (Miller and York 1988). Hence, the fraction of the Paracetamol tablet in 
contact with the die wall surface at the start of the ejection stage will be comparatively less than in 
the unlubricated die system. Magnesium stearate that has intrinsic low shearing strength will readily 
be sheared upon the application of the force during the initial movement of the tablet at the start of 
the ejection stage in comparison to the Paracetamol that has a larger magnitude of yield strength 
(Roberts and Rowe 1987). Therefore, the aforementioned phenomenon of the junction growth in the 
interface region can be avoided by the application of the magnesium stearate powder films onto the 
die walls prior to the compaction process. This is further supported by the relatively less adhesion 
and fragments of the Paracetamol tablets left sticking to the die walls after the completion of the 
ejection stage in comparison to the lubricated system where presumably the interface deformation 
behaviour is govern by the magnesium stearate powder films that readily shears during the ejection 
as compared to the breaking of the strong Paracetamol-die wall interfacial junctions that resulted in 
the larger overall ejection work as illustrated in Table 6.1. 
Figure 6.18: A 1.2g Paracetamol tablet formed at 341 MPa in a lubricated die. 
Top 
13 mm 
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Figure 6.19 (a): The Paracetamol tablet diametrical elastic relaxation and ejection force 
                        profiles at 29 MPa compaction stress in a lubricated die system. Note 
                 the absence of the ‘waviness’ in the diametrical elastic relaxation 
                         profile in comparison to those observed in the unlubricated die system 
                                     (Figure 6.4 (a)). 
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Figure 6.19 (b): The Paracetamol tablet diametrical elastic relaxation and the ejection 
                           force profiles at 95 MPa compaction stress in a lubricated die system. 
                    Note the absence of the abrupt elastic expansion at the end of the 
                   ejection in comparison to those observed for the unlubricated die 
                                      system (Figure 6.4 (b)). Note that the resolution of the tablet diameter is  
                                      5 µm. 
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Figure 6.19 (c): The Paracetamol tablet diametrical elastic relaxation and the ejection 
                        force profiles at 179 MPa in a lubricated die system. Note the linear 
                          diametrical elastic relaxation profile in comparison to those observed 
                                      for the unlubricated die system (Figure 6.4 (c)). 
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Figure 6.19 (d): The Paracetamol tablet diametrical elastic relaxation and the ejection 
                            force profiles at 341 MPa in a lubricated die system. Note the absence 
                         of the abrupt elastic relaxation occurring at the end of the ejection in 
              comparison to those observed for the unlubricated die system  
                                      (Figure 6.4 (d)). 
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6.2 Time-dependent elastic relaxation of Starch tablets 
 
 
The time-dependent characteristics of the tablet elastic relaxation during ejection were 
studied by using Starch powders as the tabletting material. Two different compaction velocities 
were used (16.7 µms-1 and 4167 µms-1) in the formation of the Starch tablet in order to allow 
comparisons of the resulting tablet elastic relaxation profiles. The experimental findings illustrate 
that the time-dependent characteristics of the Starch tablets are depicted in the tablet height elastic 
profiles which forms the main discussion in the following paragraphs. 
 
Time-dependent stored elastic energy 
Prior to ejection, the tablet can be assumed to be in a ‘meta-stable’ state where the release in 
the stored elastic energy depicted by the tablet height expansion during unloading is balanced by the 
die wall friction. However, studies have shown that the stress exerted by a tablet constrained within 
a die is time-dependent for plastically deforming materials (Rubinstein and Jackson 1987). For 
plastically deforming tablets, internal stresses are dissipated by an increase in plastic flow leading 
towards the increase in the tablet internal bonds. Starch, which is the material used in this current 
work, is often characterized as a plastically deforming material (Bolhuis and Chowhan 1996). Rees 
and Rue (1978) concluded that the contact time (the total time the material is under applied stress 
during the loading and unloading stage) during compaction for the Starch powder has a significant 
effect upon the tablet properties due to its slow plastic deformation, with higher degrees of plastic 
deformation observed at lower compaction velocities. It is also known that ejection lag time will 
affect the maximum ejection forces measured (Sadjady et al. 1991). Therefore, the extent of the 
time-dependent plastic flow will affect the initial radial die wall stresses (σ(xx)w) of the tablets prior 
to ejection. This will lead to a different proportion of stored elastic energies of the tablets formed at 
the different consolidation velocities and stresses. It is then postulated that the die wall frictional 
effects which are dependent upon the initial radial die wall stress (σ(xx)w) will also be time-
dependent. As commonly encountered in the laboratory-scale compaction experiments, the time 
factor cannot be readily controlled due to the time intervals involving the manual changing and 
preparation of the experimental apparatus between the loading and the ejection stage. Thus, the 
continuous stress dissipating nature of the plastically deforming Starch tablets will inevitably affect 
their elastic relaxation during ejection. 
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General characteristics of the height elastic relaxation profiles 
The tablet height elastic relaxation profiles obtained at varying ultimate compaction 
velocities in this study portrayed variations in the degree of the tablet recompression and final 
height expansion, represented by the negative and positive y∆  values (Figures 6.20 (a to c) and 
6.21 (a to c)).  There are also apparent initial tablet height expansions observed for the Starch 
tablets. This gives indication of the relatively low initial tablet radial wall stresses to resist the initial 
motion of the tablet in comparison to those of the Paracetamol tablets where no initial height 
expansions were observed (Figure 6.3 (a to d)). Following the initial tablet height expansions 
denoted by the positive y∆  values, the tablets start to experience recompressions that are relatively 
lower in magnitude compared to the Paracetamol tablets. No apparent junction growths were 
noticeable when comparing the SEM pictures of both the Starch tablet top and side surfaces 
(Figures 6.22 and 6.23) where the top surface is relatively slightly more deformed compared to the 
side surface. This suggests that the magnitude of the arresting stresses that causes the tablet to 
experience recompression is apparently insufficient to induce a junction growth giving further 
indications of the relatively low tablet – die wall adhesion.  The low maximum ejection forces 
recorded for the Starch tablets also support these notions.  
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Figure 6.20 (a): The Starch tablet height elastic relaxation and the ejection force profiles 
                 at 23 MPa compaction stress and 16.7 µms-1 compaction velocity. 
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Figure 6.20 (b): The Starch tablet height elastic relaxation and the ejection force profiles 
                 at 90 MPa compaction stress and 16.7 µms-1 compaction velocity. 
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Figure 6.20 (c): The Starch tablet height elastic relaxation and the ejection force profiles 
                   at 188 MPa compaction stress and 16.7 µms-1 compaction velocity. 
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Figure 6.21 (a): The Starch tablet height elastic relaxation and the ejection force profiles 
                          at 29 MPa compaction stress and 4167 µms-1 compaction velocity. Note 
                  the apparently higher discontinuities in the height elastic relaxation 
                       profile when the tablet emerges in comparison to those observed at the 
                                   low compaction velocity (Figure 6.20 (a)). 
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Figure 6.21 (b): The Starch tablet height elastic relaxation and the ejection force profiles 
                           at 93 MPa compaction stress and 4167 µms-1 compaction velocity. Note 
                   the apparently higher discontinuities in the height elastic relaxation 
                        profile when the tablet emerges in comparison to those observed at the 
                                    low compaction velocity (Figure 6.20 (a)). 
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Figure 6.21 (c): The Starch tablet height elastic relaxation and the ejection force profiles 
                    at 190 MPa compaction stress and 4167 µms-1 compaction velocity. 
                         Note the relatively smoother (lower discontinuities) in the tablet height 
                  elastic relaxation profile during emergence in comparison to those 
     observed at the lower compaction stress (Figure 6.21 (b)). 
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Figure 6.22: SEM picture of the top surface of a Starch tablet (X 500 magnification). 
 
 
 
 
Figure 6.23: SEM picture of the side surface of a Starch tablet (X 500 magnification). 
 
 
 
 
 
 
 
Chapter 6: Tablet damage and time-dependent elastic relaxation 
 116
Dissipation of the stored elastic energy: discontinuities in the height elastic relaxation profile 
More subtle features of the tablet height elastic relaxation data presented in Figures 6.20 (a 
to c) and 6.21 (a to c) indicate differences in the smoothness amongst the y∆ curves when the 
tablets start to emerge from the die cavity.  It is believed that the apparently differing extent and 
intervals of the discontinuities observed are caused by the different internal stress relief mechanisms 
of the Starch tablets. The successive incremental ruptures of the Starch tablet internal bonds most 
probably caused the discontinuities observed as it relaxes during emergence.  In most cases, more 
frequent apparent discontinuities are observed at the higher compaction velocity of 4167 µms-1 
(Figure 6.21) with correspondingly shorter intervals between them. At the lower compaction 
velocity of 16.7 µms-1 (Figure 6.20) the intervals between the apparent discontinuities are observed 
to be much larger compared to those observed at the higher compaction velocity indicating probable 
stretching of the tablet internal bonds before rupture occurs. These subtle features of the height 
expansion of the tablets during emergence give indications of the probable stress relief mechanisms; 
where presumably the governing mechanism for the dissipation of the stored elastic energy due to 
the tablet elastic height relaxation for the tablets formed at the higher compaction velocity (Figure 
6.21) is by successive incremental internal tablet bond rupture whilst that at the lower compaction 
velocity (Figure 6.20) is governed by the continuous stretching of the tablet bond (creep) before 
rupture.  
 
Lower discontinuities of the height relaxation: higher extent of plastic deformation 
Figures 6.24 and 6.25 show the final ∆y values measured when the tablets completely break 
away from the die and the ejection works at the different compaction stresses for both of the 
compaction velocities. It can be observed that at the lower compaction velocity (Figure 6.24) the 
final tablet height expansion measured at the end of the ejection decreases to a near constant value 
as the compaction stress increases. In contrast, the final tablet height expansion increases when the 
compaction stress increases from 29 MPa to 93 MPa, then a slight decrease when the compaction 
stress increases further to 190 MPa as indicated in Figure 6.25 for the high compaction velocity. 
These trends are explicable when the previously discussed dissipative mechanisms of the tablet 
stored elastic energy during emergence depicted in the tablet height relaxation profiles (Figures 6.20 
(a to c) and 6.21 (a to c)) are taken into consideration. It is hypothesized that the smoothness of the 
height elastic relaxation profiles (i.e. extent of the discontinuities) when the tablet emerges from the 
die cavity qualitatively signifies the extent of plastic deformation of the tablet, in which a smoother 
profile indicates a relatively higher plastic deformation in comparison to a profile that shows a 
relatively higher discontinuities. At the high compaction velocity (Figure 6.21) the relative 
smoothness of the tablet height profiles especially near the end of the ejection increases when the 
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compaction stress increases. This is more apparent at the highest compaction stress of 190 MPa. For 
the case of the low compaction velocity (Figure 6.20), the smoothness of the tablet height profile is 
apparently difficult to distinguish which is believed to be due to the apparently small differences in 
the final ∆y values at the end of the ejection in comparison to those observed for the high 
compaction velocity. These variations in the smoothness of the tablet elastic height profiles 
illustrate the higher occurrence of plastic deformations when the compaction stress increases 
especially for the case of the high compaction velocity. 
 
 
Figure 6.24: The variations of the final ∆y measured at the end of the ejection and 
                       the ejection works at 16.7 µms-1 compaction velocity. Even though the 
                           ejection work increases with the compaction stress, the final tablet height 
                             expansion decreases indicating the ability of the Starch tablets to maintain 
                                    their stored elastic energies. 
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Figure 6.25: The variations of the final ∆y measured at the end of the ejection and 
                             the ejection works at 4167 µms-1 compaction velocity. The decrease in the 
                             final ∆y when the compaction stress increases from 93 MPa to 190 MPa is 
               believed to be due to the increase in the plastic deformation of the 
                                   Starch tablets. 
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the higher imposed compaction stress is released during ejection depicted by the increase in the 
final tablet height expansion. However, when the compaction stress is increased further to 190 MPa, 
the tablet has a relatively higher plastic deformation and hence the lower final tablet height 
expansion and ejection work. The overall linear increase of the tablet stored elastic energy 
represented by the ejection work with the final tablet height expansion as shown in Figure 6.26 
implies that the Starch tablets formed at the high compaction velocity display a more elastic 
behaviour, where the increase in the tablet stored elastic energy (or the ejection work) will cause a 
higher final tablet height expansion hence the release of the stored elastic energy. In the case of the 
low compaction velocity, the increase in the ejection work resulted in a decrease of the tablet height 
expansion, signifying the ability of the formed tablets to maintain their stored elastic energy during 
the ejection stage due to the relatively higher plastic deformation as depicted in the tablet height 
elastic relaxation profiles (Figure 6.20 (a to c)). 
These subtle time-dependent tablet height elastic relaxations of the Starch tablets illustrated 
in Figures 6.20 (a to c) and 6.21 (a to c) are more pronounced when the tablets started to emerge 
from the die cavity. This suggests that there exist an elastic relaxation gradient along the tablet 
height during the tablet emergence. In the next Section 6.2.1, the diametrical elastic relaxation 
profiles of the Starch tablets are studied in order to observe and elucidate the presence of the 
hypothesized elastic relaxation gradient. 
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Figure 6.26: Variations of the final ∆y measured at the end of the ejection with the 
           calculated ejection works at 16.7 µms-1 (A)  and 4167 µms-1 (B) 
                       compaction velocities. The increase of the final tablet height expansion 
                              (final ∆y) with the ejection work gives indication of the release in the tablet 
                         stored elastic energy and hence the elastic nature of the tablets formed at 
                           the higher compaction velocity. In contrast, the decrease in the final tablet 
                         height expansion with the ejection work gives indication of the ability of 
                    the tablets formed at the low compaction velocity in maintaining their 
                             stored elastic energies that is believed due to the higher plastic deformation. 
 
 
6.2.1 Diametrical elastic relaxation gradient during emergence 
 
Decreasing diametrical fluctuation towards the top half of the tablet 
Figure 6.27 (a to c) shows the Starch tablet diametrical elastic relaxation profiles during 
emergence from the die cavity. It can clearly be observed that as the applied compaction stress 
increases, more constant tablet diameters were measured near the end of the ejection stage. These 
observations were absent from the Paracetamol tablet diametrical elastic relaxation profiles seen 
earlier in Section 6.1 where higher tablet diameters were recorded in the region due to the higher 
stresses imposed by the adjacent upper punch during the ejection. Therefore, in the case of the 
Starch tablets, the constant diameter recorded for the upper part of the tablet suggests that these 
areas have been extensively deformed incurring relatively higher plastic deformations due to the 
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higher stresses in the regions. This is more obvious as the compaction stress increases from 29 MPa 
to 190 MPa. Similarly, the tablet diametrical elastic relaxation profile at 29 MPa compaction stress 
shows relatively higher elastic relaxations and presumably a rougher tablet circumferential surface 
represented by the expansion-contraction cycles that persisted until the end of the ejection. An 
examination of the previous tablet height elastic relaxation profile at 29 MPa (Figure 6.21 (a)) also 
displays a slight overall expansion-contraction cycles during emergence, further giving the evidence 
of the more elastic nature of the tablet formed at this low compaction stress.  
 
Larger diametrical fluctuations: higher rate of decrease in the ejection force 
When the tablet emerges from the die cavity, it is then free to experience diametrical elastic 
relaxation. The tablet sections with a relatively higher degree of the release in the stored elastic 
energy will experience a higher diametrical expansion-contraction cycles as well as having a 
rougher circumferential tablet surface in comparison to those sections that have undergone a higher 
degree of plastic deformation and thus can maintain its stored elastic energy. The rate of the 
decrease in the ejection force, dF/dt, is observed to be higher when the tablet diameter fluctuations 
are larger in magnitude for all the corresponding compaction stresses (region A, Figure 6.27). This 
gives a qualitative indication of the higher loses in the stored elastic energy of the tablet which 
corresponds to the larger amplitude of the tablet diametrical contraction-expansion cycles and 
possibly a rougher circumferential surface in the lower part of the tablet. This result is logical due to 
the fact that the radial die wall stresses (σ(xx)w) which influence the ejection force are dependent 
upon the stored elastic energy of that particular tablet circumferential section. A larger release in the 
stored elastic energy due to the relatively higher elastic relaxation will increase the rate of decrease 
in the ejection force. Conversely, a lower rate of the decrease in the ejection force dF/dt, 
corresponds to the regions where the magnitudes of the tablet diametrical fluctuations are smaller 
(region B in Figure 6.27 (a and b), regions B and C in Figure 6.27 (c)). This indicates relatively 
higher plastic deformations occurring in the upper regions of the tablet hence the ability to maintain 
the stored elastic energies. 
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Figure 6.27 (a): Starch tablet diametrical elastic relaxation and ejection force profiles 
                              at 29 MPa compaction stress (4167 µms-1 compaction velocity). Higher 
                              amplitudes of the tablet diametrical fluctuations correspond to a higher 
                                       rate of the decrease in the ejection force. 
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Figure 6.27 (b): Starch tablet diametrical elastic relaxation and ejection force profiles 
                              at 93 MPa compaction stress (4167 µms-1 compaction velocity). Higher 
                             amplitudes of the tablet diametrical fluctuations correspond to a higher 
                                      rate of the decrease in the ejection force. 
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Figure 6.27 (c): Starch tablet diametrical elastic relaxation and ejection force profiles 
                    at 190 MPa compaction stress (4167 µms-1 compaction velocity). 
                              Higher amplitudes of the tablet diametrical fluctuations correspond to a 
                                      higher rate of the decrease in the ejection force. 
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6.3 Final remarks 
 
 
 It has been shown in this Chapter of the existence of the tablet height and diametrical elastic 
relaxation during the ejection stage. The interrelationship between the ejection force and the tablet 
height elastic relaxation illustrates the dependency of the frictional work upon the tablet stored 
elastic energy. In the cases where the tablets are damaged upon ejection, the calculated ejection 
work is comparatively large depicting the high tablet stored elastic energy and the correspondingly 
large final tablet height expansion due to the release of the tablet stored elastic energy. The apparent 
tablet recompression occurring in the initial stages of the ejection coincides with the abrupt increase 
of the ejection force to a maximum value, and has been attributed to the increase of the radial die 
wall stresses (σ(xx)w). In the case of the Paracetamol tablets, extensive junction growths were 
observed suggesting the increase of the tablet – die wall true contact area during the initial tablet 
movement due to the large radial wall stresses present. In contrast, the Starch tablets do not show 
any apparent junction growths giving indication of a relatively lower radial die wall stresses during 
ejection that is supported by the low ejection force values. The time-dependent elastic relaxation 
properties of the Starch tablets are manifested during emergence. The Starch tablet formed at a low 
compaction velocity exhibits a relatively higher extent of the plastic deformation which is depicted 
in its elastic relaxation profile. This increases its ability to maintain the stored elastic energy during 
the ejection thus minimizing the final tablet elastic relaxation.  
 
 
 
Although the results shown have to some extent illustrated the importance of the elastic relaxation 
in influencing the frictional work and the occurrence of tablet damage, an important aspect still 
remains to be considered which is the mechanical strength of the tablet. Therefore, the next Chapter 
7 aims to elucidate the interrelationship between the localized elastic relaxation and the tablet 
mechanical strength. This would then allow a further understanding of the influence of the tablet 
elastic relaxation during the ejection stage on the final tablet mechanical integrity. 
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CHAPTER SEVEN 
TABLET MECHANICAL STRENGTH AND ELASTIC RELAXATION 
 
 
This Chapter seeks to elucidate the interrelationship between the tablet elastic relaxation and its 
mechanical strength. The Chapter starts with the comparison of the elastic relaxation behaviour of 
different compacted materials and the interrelationship between the observed extent of elastic 
relaxations and the mechanical strengths of the tablets. In order to fully understand the effects of 
the localised elastic relaxation on the tablet mechanical integrity, a bilayered tablet was formed. 
This will then provide a known weak interfacial region within the bilayered tablet, of which the 
occurrence of the elastic relaxation within the region can be recorded and interrelated with the 
measured interfacial strength.  
 
 
7.1 Material comparison 
 
 This Chapter begins with the eludication of the tablet elastic relaxation profiles for three 
different tabletted materials; Aspirin, Avicel and Paracetamol tablets. These materials were 
compacted under similar compaction conditions as described in Chapter 5 (Section 5.2.3.3).  
 
  
7.1.1 Tablet height elastic relaxation 
 
Extent of tablet recompression 
In general, all the different tabletted materials show an apparent tablet recompression in the 
early stages of the ejection, which corresponds with the maximum ejection force. The Aspirin tablet 
(Figure 7.1) shows the lowest extent of recompression in comparison to the Avicel (Figure 7.2) and 
Paracetamol (Figure 7.3) tablets. The Aspirin tablet also starts to experience height expansion prior 
to emergence (Figure 7.1). In contrast to the Aspirin tablet, the Avicel and Paracetamol tablets still 
undergo apparent recompressions even though they have already emerged from the die cavity. The 
apparent inflexion point where the tablet starts to experience tablet height expansion is located at 
the point where approximately half of the tablet body has emerged from the die cavity as observed 
for both the Paracetamol and Avicel tablets. This indicates that the sections of the Avicel and 
Paracetamol tablet bodies which undergo the recompressions are relatively larger than those in the 
case of the Aspirin tablet. Furthermore, this gives further support to the notion of the tablet 
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recompression occurring in the upper half of the tablet body which are depicted by the presence of 
the tablet recompression. This is despite the bottom halves of the Avicel and Paracetamol tablets 
have already emerged from the die cavity and are free to experience further elastic relaxation as 
shown in Figures 7.2 and 7.3. In contrast, the Aspirin tablet can also be considered as the most 
homogeneous in terms of the radial die wall stress distribution along the tablet height amongst the 
three materials during the recompression period. This is due to its inflexion point that is located 
nearest to the die exit which indicates an increase in the tablet height as soon as its bottom surface 
emerges from the die cavity. This means that the Aspirin tablet experiences recompression 
homogeneously in comparison to those of the Avicel and Paracetamol of which the recompressions 
are occurring in the upper halves of their bodies.  
 
Tablet height fluctuations during the tablet recompression phase 
 Another important feature of the tablet height relaxation profiles is the behaviour of the 
tablets when they are experiencing recompression. The Aspirin tablet exhibits relatively constant ∆y 
values before the inflexion point in its profile. This illustrates that apart from the initial height 
reduction due to the recompression, the tablet height is essentially constant during the 
recompression period. In the other hand, Avicel and Paracetamol display fluctuations in the ∆y 
values during the recompression period where a smooth-wavy profile is observed in the case of the 
Avicel and relatively sharp fluctuations are present in the Paracetamol profile. These indicate that 
the Avicel and Paracetamol tablet heights are fluctuating during the recompression period. The 
ejection force profile which is a reflection of the tablet stored elastic energy does not indicate any 
apparent corresponding fluctuations in the same period. This is most possibly due to the relatively 
higher radial die wall stress that causes the tablet recompression and to a greater extent influencing 
the ejection force, is located in the upper region of the tablet body. It is then contemplated that these 
fluctuations are the result of the simultaneous occurrence of the tablet height and diametrical elastic 
relaxations occurring at the bottom half of the tablet body. The Aspirin tablets that display relatively 
small tablet height changes during the recompression period exhibit relatively constant ejection 
force values. In contrast, the ejection force profile for the Avicel tablet indicates an almost linear 
decrease during the recompression period. This is due to the tablet experiencing the aforementioned 
tablet height and diametrical elastic relaxations at the bottom half of the tablet depicted by the 
smoothed-wavy like tablet height relaxations as shown in Figure 7.2. Even though the Paracetamol 
tablet exhibits sharp height fluctuations during the recompression period, the ejection force is 
relatively constant but there are apparently higher discontinuities in its ejection force profile in 
comparison to the other materials (Figure 7.3). Hence, the sharp fluctuations observed in the 
Paracetamol tablet height elastic relaxation profile is an indication of its brittle characteristics and 
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the smoothed-wavy height elastic relaxation profile of the Avicel tablet gives indication of its 
ductility as they elastically relax during the ejection stage. 
Figure 7.1: Tablet height elastic relaxation ( y∆ ) and the ejection force profiles for  a 1g 
                       Aspirin tablet (167 µms-1 compaction velocity, 22.6 MPa compaction stress). Note 
                          that the apparent inflexion point is located near the die exit point, and the   
                          comparatively constant ∆y values during the recompression period for the Aspirin  
                          tablet. 
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Figure 7.2: Tablet height elastic relaxation ( y∆ ) and the ejection force profiles for 
                       a 1g Avicel tablet (167 µms-1 compaction velocity, 22.6 MPa compaction 
                    stress). Note that the apparent inflexion point is located far from the die 
             exit point, and the smooth-wavy profile of the ∆y values during the 
                                 recompression period for the Avicel tablet. 
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Figure 7.3: Tablet height elastic relaxation ( y∆ ) and the ejection force profiles for a 1g 
                  Paracetamol tablet (167 µms-1 compaction velocity, 22.6 MPa compaction 
             stress). Note that the apparent inflexion point is located far from the die 
        exit point, and the comparatively sharp fluctuations of the ∆y values 
                              during the recompression period for the Paracetamol tablet. 
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7.1.2 Tablet diametrical elastic relaxation 
 
Waviness of the diametrical elastic relaxation profile and extent of elastic relaxation 
 Figures 7.4, 7.5 and 7.6 show the diametrical elastic relaxation profile of the Aspirin, Avicel 
and Paracetamol tablets during emergence from the die cavity. The most prominent characteristic of 
the profiles is the relative overall ‘waviness’ of the individual profiles, where the Paracetamol tablet 
demonstrates the largest fluctuations involving expansions and contractions of its body during the 
emergence. The Paracetamol tablet (Figure 7.6) has also the largest recorded diameter amongst the 
three materials hence undergoing the relatively highest diametrical elastic relaxation. The material 
showing the second largest recorded diameter during emergence is the Avicel tablet as illustrated in 
Figure 7.5. There is also a slight overall waviness, which can be observed in the Avicel diametrical 
elastic relaxation profile, although the overall waviness is apparently a bit less compared to the 
Paracetamol tablet. The material that displays the lowest recorded diameter and therefore the lowest 
diametrical elastic relaxation is the Aspirin tablet (Figure 7.4). It has a linear overall profile and the 
localised elastic fluctuations (or the roughness) involving expansion-contraction cycles are also 
apparently lowest in the case of the Aspirin tablet. 
 
Average tablet diameter, the ejection work and the final tablet height expansion 
 Table 7.1 shows the average tablet diameter during emergence, the final ∆y value and the 
corresponding ejection work. Avicel and Paracetamol, both having large ejection works, display 
large diametrical and low final tablet height expansions. It is believed that the high ejection work 
originating from the higher radial die wall stresses (σ(xx)w) acts to expand the tablet diametrically 
causing the higher diametrical relaxation in the case of the Avicel and Paracetamol tablets. The 
overall waviness in the Paracetamol and Avicel diametrical elastic profiles indicates the 
inhomogeneous elastic relaxation occurring that is also most probably influence by the height 
elastic relaxation as discussed earlier in Section 7.1.1.  Similarly, a low ejection work originating 
from the relatively low tablet radial die wall stresses will therefore resulted in a lower extent of the 
diametrical elastic relaxation as in the case of the Aspirin tablet. The relatively linear diametrical 
relaxation profile of the Aspirin tablet also gives indication of a homogeneous diametrical elastic 
relaxation and therefore the relatively homogeneous radial die wall stresses exerted by the Aspirin 
tablet during the ejection. 
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Figure 7.4: The diametrical elastic relaxation profile of a 1g Aspirin tablet (167 µms-1 
      compaction velocity, 22.6 MPa compaction stress). Note the linear 
                              diametrical elastic relaxation profile of the Aspirin tablet. 
 
Figure 7.5: The diametrical elastic relaxation profile of a 1g Avicel tablet (167 µms-1 
             compaction velocity, 22.6 MPa compaction stress). Note the apparent 
                               ‘waviness’ in the Avicel profile. 
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Figure 7.6: The diametrical elastic relaxation profile of a 1g Paracetamol tablet (167 
          µms-1 compaction velocity, 22.6 MPa compaction stress). Note the 
                                ‘waviness’ in the Paracetamol profile. 
 
 
Table 7.1: Material comparison. 
Material Ejection work / mJ Final ∆y / mm Tablet diameter during 
emergence / µm 
Aspirin 327 0.60 12970 
Avicel 778 0.43 12995 
Paracetamol 667 0.47 13020 
 
 
7.1.3 Tablet Strength 
 
Tablet mechanical anisotropy 
 Table 7.2 lists the strength of the tablets obtained from the direct tensile test and the indirect 
tensile test. The results indicate that the tensile strength values recorded by the direct tensile test 
that measures the tensile strength parallel to the tablet height is lower compared to the tensile 
strength values measured across the tablet diameter. It can also be observed that there is a 
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discrepancy between the two different tensile strengths where according to the direct tensile 
strength method, the tablet that has the highest tensile strength amongst the three is the Aspirin 
tablet, followed by the Avicel tablet and the Paracetamol tablet has the lowest tablet tensile 
strength. However, for the indirect tensile test procedure, the highest tensile strength recorded is for 
the Avicel tablet, followed by the Aspirin and the Paracetamol tablets which is the weakest amongst 
the three. In addition, the differences between the tensile strength values measured across the tablet 
height (direct tensile test) and the tablet diameter (indirect tensile test) indicate that all the tablets 
are anisotropic in terms of their mechanical strengths which is a common characteristics of the 
pharmaceutical tablets formed via the compaction process (Galen and Zavaliangos 2005; Mullarney 
and Hancock 2006). Amongst the three materials, the Paracetamol is the most mechanically 
isotropic tablet represented by the near identical values of the direct and indirect tensile strengths. 
Aspirin displays a moderate mechanical anisotropy and Avicel is the most mechanically anisotropic 
tablet in this current work. It is then believed that the tablet mechanical anisotropy is caused by the 
height and diametrical elastic relaxations. In general, it has been observed that the height elastic 
relaxation is by far higher in magnitude compared to the diametrical elastic relaxation by at least 
four times in magnitude (comparison made between the lowest tablet height elastic relaxation and 
the highest diametrical elastic relaxation illustrated in Table 7.1). Therefore, the tablet has expanded 
more in the height direction during both the unloading and during the ejection stages therefore 
causing a relatively lower tensile strength in the height direction as compared to the diametrical 
direction. In contrast, the die wall restricts the tablet diametrical expansion, and some further plastic 
deformation might occur diametrically across the tablet in the case of the Aspirin and Avicel tablets 
resulting in the higher diametrical tensile strength in comparison to the height (or axial) tensile 
strength that has suffered extensive height expansion during the ejection stage. For the Paracetamol 
tablet which is known to exhibit brittle characteristics (Mohammed 2004) there most probably does 
not incur any significant plastic deformation when the tablet diametrically expands onto the die 
walls during the ejection, hence the mechanically isotropic nature of the Paracetamol tablet obtained 
in this current work. 
 
 
Table 7.2: Tensile strengths of the different compacted materials. 
Material Direct tensile strength / kPa 
Indirect tensile strength / 
kPa 
Aspirin 202 309 
Avicel 120 620 
Paracetamol 54 58 
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Interrelationship between the tensile strength and the diametrical elastic relaxation 
Figure 7.7 depicts that the tensile strength of the tablet parallel to the tablet height (direct 
tensile test) decreases linearly with the increase in the average tablet diameter measured during the 
emergence of the tablet from the die cavity where the Paracetamol tablet which is the weakest tablet 
amongst the three exhibiting the highest diametrical relaxation. It is apparent that the extent of the 
tablet diametrical elastic relaxation affects the direct tensile strength of the tablet which is useful 
because in reality, the direct tensile strength testing produces a fracture plane parallel to the tablet 
counter-faces, almost similar to the fracture surfaces observed commonly in tabletting due to the 
capping and lamination (Chapter 6). Hence, the high radial die wall stresses (σ(xx)w) causing the 
tablet to expand diametrically is believed to be the underlying factor in the weakening of the tablet 
that experiences the relatively high diametrical elastic expansion during the emergence. It is 
postulated that there exists an elastic strain gradient at the die exit, where the high radial die wall 
stresses causes the tablet to expand diametrically whilst at the same time counteracting the tablet 
height expansion during the emergence. The mechanically isotropic Paracetamol is the most likely 
tablet to fail during the ejection due to its relatively high diametrical elastic expansion and low 
tensile strength. In the case of the mechanically anisotropic Avicel tablet, although having the 
highest ejection work and therefore the highest radial die wall stresses during the ejection amongst 
the three materials (Table 7.1), it also has the highest diametrical tensile strength (Table 7.2) 
resulting in a somewhat intermediate diametrical elastic relaxation as depicted in Figure 7.5. The 
large final ∆y for the Aspirin tablet (Table 7.1) is also believed to be due to the relatively small or 
negligible contraction on the tablet height expansion originating from the simultaneously low 
diametrical elastic relaxation. However, the effects of the different porosities of the individual 
tabletted materials will also inevitably affect the mechanical strength of the final ejected tablet apart 
from the aforementioned individual elastic relaxation properties during ejection. The influences of 
the tablet porosities on the direct tensile strengths of the tablets have not been investigated in this 
work. 
In order to further substantiate the aforementioned hypothesis on the tablet strength 
weakening due to the coupling effects of the simultaneous diametrical and height elastic relaxations, 
the precise location of the weakness plane, the strength as well as the elastic relaxation behaviour in 
the plane must be known. Hence, a bilayered tablet with a quantifiable strength and a known 
location of the weakness plane is utilised as the chosen specimen, which is presented in the next 
Section 7.2. 
 
 
Chapter 7: Tablet mechanical strength and elastic relaxation 
 136
 
Figure 7.7: The variation of the average tablet diameter recorded during emergence 
                                with the tablet direct tensile strength  
                               (1g tablet mass, compaction stress = 22.6MPa and 167 µm). 
 
 
 
7.2 The elastic relaxations and tensile strengths of bilayered tablets 
 
7.2.1 Bilayered tablet tensile strength 
 
Formation of the Avicel bilayered tablets 
 Inman (2008) showed that for an Avicel bilayered tablet, the weakest plane in the bilayered 
tablet during the direct tensile testing is the interfacial plane between the two layers of the bilayered 
tablet. Hence, it provides a suitable candidate in order to study the simultaneous occurrence of the 
height and diametrical elastic relaxation in the interfacial region and the resulting tensile strengths 
of the interfacial plane. In this work, the powder is initially inserted into the die and compressed, 
forming the initial bottom first layer of the bilayered tablet. Then, the same mass of powder is 
inserted on top of the first layer and compacted. This is top layer is termed as the second layer. The 
bottom first layer compaction stress is constant at 22.6 MPa whilst the top second layer compaction 
stress which is the final compaction stress to be applied in order to form the bilayered tablet were 
varied at 22.6 MPa, 45.2 MPa and 90.4 MPa as detailed in Section 5.2.3.4 (Chapter 5). 
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Failure in the interface region during the direct tensile test 
 The tensile strengths of the Avicel bilayered tablets formed in this work have been measured 
by the use of the direct tensile test method. All the bilayered tablets failed within the interface 
region, as viewed physically at the end of the test. Please see Appendix 11. This is in accordance 
with previous works on the direct tensile strengths of the Avicel bilayered tablet (Inman 2008). The 
overall failure surface is approximately parallel to the tablet counter-faces, albeit some surface 
irregularities due to the inhomogeneous stress distributions encountered during the formation of the 
bilayered tablet (Inman 2008) that has not been investigated further in this current work. 
 
 
Higher tensile strength with the increase in the final top layer compaction stress 
 Table 7.3 shows the calculated direct tensile strengths of the bilayered tablets. It can be 
observed that the tensile strength of the interface region A increases with the final top second layer 
compaction stress. The considerable increase in the Avicel tablet tensile strength when the applied 
compaction stress increases most probably indicate that the critical yield strength of the particle 
within the interfacial zone has been exceeded. This resulted in the enhancement of plastic 
deformation in the interfacial zone leading to the increase in the bonding between the two layers 
and therefore can maintain the residual elastic strains within the region. Also, the increase in the top 
final second layer compaction stress might lead to a different relative deformation of top and 
bottom layer surfaces within the interfacial zone. Figures 7.8 and 7.9 illustrate the SEM images of 
the fractured bottom layer surfaces at two different top final second layer compaction stresses. As 
been indicated earlier, the bottom first layer compaction stress is kept constant at 22.6 MPa whilst 
the top final second layer compaction stress is increased. The increase in the final top second layer 
compaction stress resulted in a slightly relatively higher deformation of the bottom interfacial 
fracture surface as shown in the SEM pictures supporting the idea of the increase in the plastic 
deformation in the interfacial region.  
 
Table 7.3 Tensils strengths and the ejection works of the Avicel bilayered tablets. 
Bottom first layer 
compaction stress / 
MPa 
Final top second 
layer compaction 
stress / MPa 
Tensile strength / 
kPa 
Ejection work / J 
22.6 22.6 0 1.36 
22.6 45.2 41.6 2.11 
22.6 90.4 353.5 2.58 
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7.2.2 Bilayered tablet height and diametrical elastic relaxations 
 
Interactions between the height and diametrical elastic relaxations 
Figures 7.10, 7.11 and 7.12 illustrate the bilayered tablet height relaxation profiles whilst 
Figures 7.13, 7.14 and 7.15 are the corresponding diametrical elastic relaxation profiles at the 
different final top second layer compaction stresses. When the first and second layer compaction 
stresses are equal, an abrupt height expansion-contract cycle depicted by the sudden increase-
decrease in the ∆y values in the interfacial region of the bilayered tablet is clearly observable in 
Figure 7.10. This abrupt tablet height expansion-contraction cycle occurs when the interface (region 
A) emerges from the die cavity. Similarly, a high diametrical elastic fluctuation is depicted in the 
interface (region A) as shown in Figure 7.13, giving evidence of the relatively higher stored elastic 
energy in the region compared to the other sections of the tablet body that displays a relatively 
smooth profile. The fluctuations in the region A are also apparently similar to those observed when 
the bottom of the bilayered tablet initially emerges from the die cavity. Therefore, the bilayered 
tablet diametrical elastic relaxation profile displays an apparent division at the interface (region A), 
where the overall profile can be divided into two nearly identical separate individual diametrical 
elastic relaxation profiles, corresponding each to the bottom first layer and the top second layer of 
the bilayered tablet. This is explicable due to the bottom first layer compaction stress is equal to the 
final top second layer compaction stress and therefore will most probably exhibit similar 
diametrical elastic relaxation behaviour. A closer examination of the diametrical elastic relaxation 
occurring in the region A indicates that the tablet diameter appear to ‘dip’ just before the further 
diametrical expansion-contractions cycles that follow thereafter. This can be due either to a 
presence of an interfacial crack on the tablet circumferential surface or the simultaneous slight 
contraction of the interfacial region A. It is then believed that the abrupt height expansion is 
‘pulling’ the tablet axially therefore causing the apparent initial contraction (or crack) in the tablet 
diameter in the region A. The interface will then be severely weakened by the height elastic 
expansion, which then ultimately lead towards the detachment of the bilayered tablet into two 
distinct sections; the bottom first layer and the second top layer, which can be viewed from the 
diametrical elastic relaxation profile (Figure 7.13). According to Inman (2008), the existence of the 
stored elastic energy in the interfacial region can be ascribed to the inhomogeneous stress 
distribution during the formation of both the bottom and top layers of the bilayered tablet. Hence, 
the release of this stored elastic energy in the interface during the emergence depicted by the sudden 
increase in the tablet height causes the bilayered tablet to fail catastrophically across the interfacial 
region A upon ejection. 
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When the final top second layer compaction stress increases to 45.2 MPa, the abrupt height 
expansion previously observed in the interface region A, is absent from the tablet height elastic 
relaxation profile (Figure 7.11). Instead, a tablet height contraction is present in the interface 
(region A), after which the tablet height slowly increases depicted by the more positive ∆y values as 
the tablet emerges further from the die cavity. The corresponding diametrical elastic relaxation 
profile illustrates that the diametrical expansion in the interface encompasses a larger portion of the 
final top second layer (region A) in comparison to the previous lower compaction stress of 22.6 
MPa in Figure 7.14. Therefore, it is apparent that the interface (region A) experiences simultaneous 
diametrical expansion and height contraction. The interface expands in the diametrical direction due 
to the high radial die wall stresses depicted by the high ejection work (Table 7.3) and therefore 
‘pulling’ or contracting slightly the tablet height, which is undergoing a continuous elastic 
expansion (Figure 7.11). It is also assumed that the interfacial region A has deformed plastically to a 
greater extent at the final top layer compaction stress of 45.2 MPa compared to the lower final top 
layer compaction stress of 22.6 MPa. The plastic bonding between the interface (region A) will to 
some extent counteract the height and diametrical elastic relaxations, resulting in the relatively 
gradual stretching-contraction of the interface region A (Figures 7.11 and 7.14), in comparison to 
the manner seen in the previous case (Figures 7.10 and 7.13). Also seems that that the retardation 
effect of the localised diametrical elastic relaxation in the interface lowers the final ∆y (the final 
tablet height expansion measured at the end of the ejection stage) as observed in the tablet height 
elastic relaxation profiles (Figures 7.10, 7.11 and 7.12). Figure 7.12 illustrates that when the final 
top second layer compaction stress is further increase to 90.4 MPa, the interface region A does not 
suffer any apparent contractions or expansions, only a slight impediment of the tablet height 
expansion depicted by the nearly constant ∆y values before the tablet height expands again as the 
tablet emerges further from the die cavity. Likewise, the diametrical elastic relaxation profile 
(Figure 7.15) also does not indicate the presence of any apparent diametrical elastic fluctuations in 
the interface region. Although the ejection works increases when the final top second layer 
compaction stress increases (Table 7.3), the diametrical elastic relaxation profiles (Figures 7.13, 
7.14 and 7.15) do not indicate any significant increase in the overall tablet diameter. This can be 
attributed to the increase in the plastic deformation (as shown qualitatively in Figures 7.8 and 7.9) 
in the interface region leading towards an improvement in the bonding between the two adjacent 
layers of the bilayered tablet by counteracting the expansion of the interface region due to the 
residual elastic strains. Also, the increase in the final compaction stress in the formation of the 
bilayered tablet can also reduce the overall stored elastic energy within the interface region due to 
the plastic flow of the interfacial bonds between the two adjacent layers  (Figures 7.8 and 7.9). 
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Figure 7.8: SEM pictures of the bottom fracture surface of an Avicel bilayered tablet 
formed at bottom first layer compaction stress = top second layer 
                            compaction stress = 22.6 MPa 
                (SEM photo (a) = X 230 magnification, photo (b) = X 1900 magnification). 
 
 
 
 
 
 
 
Figure 7.9:  SEM pictures of the bottom fracture surface of an Avicel bilayered tablet 
               formed at bottom first layer compaction stress = 22.6 MPa, top second 
                               layer compaction stress = 22.6 MPa 
                      (SEM photo (a) = X 230 magnification, photo (b) = X 1900 magnification). 
 
 
 
(a) (b) 
100 µm 10 µm 
(b) (a) 
100 µm 10 µm 
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Figure 7.10: The Avicel bilayered tablet height elastic relaxation and the ejection force 
            profiles (bottom first layer compaction stress = final top second layer 
                compaction stress = 22.6 MPa). Note the abrupt elastic expansion in the 
                               interface region A. 
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Figure 7.11: The Avicel bilayered tablet height elastic relaxation and the ejection 
                            force profiles (bottom first layer compaction stress = 22.6 MPa, final top 
             second layer compaction stress = 45.2 MPa). Note the apparent 
                           contraction observed in the tablet height, depicted by the decrease in the 
                                    ∆y values in the interface region A. 
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Figure 7.12: The Avicel bilayered tablet height elastic relaxation and the ejection 
                            force profiles (bottom first layer compaction stress = 22.6 MPa, final top 
                            second layer compaction stress = 90.4 MPa). Note the slight impedement 
                            in the tablet height expansion, depicted by the approximately constant ∆y 
                                    values in the interface region A. 
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Discontinuity in the ejection force profile at the interface region 
The corresponding ejection force profile also illustrates a discontinuity at the interfacial 
region, where after the interfacial region A, the ejection force is slightly higher (Figures 7.11 and 
7.12). This gives indication that the radial die wall stresses (σ(xx)w) of the bilayered tablet for the 
second  layer (top layer) increases when the first bottom layer has completely emerged from the die 
cavity. It is postulated that this is caused by the apparent discontinuity of the bilayered tablet at the 
interface when the bottom tablet emerges from the cavity. It has been discussed earlier in Section 
7.1.1 that the simultaneous height and diametrical elastic relaxation at the bottom half of the Avicel 
tablet is assumed to cause the release of its stored elastic energy depicted by the linear decrease in 
the ejection force profiles. Hence, when the discontinuity occurs at the interface at the moment the 
bottom layer completely emerges from the die cavity, the bottom layer elastic relaxations cease to 
affect the overall measured ejection force and lead to a slight increase in the ejection force as shown 
in Figures 7.11 and 7.12.  
 
 
Figure 7.13: The Avicel bilayered tablet diametrical elastic relaxation profile 
                                   (bottom first layer compaction stress = final top second layer compaction 
                           stress = 22.6 MPa). Note that the profile is apparently divided at the 
                                       interface region A into two parts. 
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Figure 7.14: The Avicel bilayered tablet diametrical elastic relaxation profile (bottom 
      first layer compaction stress = 22.6 MPa, final top second layer 
                       compaction stress = 45.2 MPa). Note the gradual diametrical expansion in 
                                the interface region A. 
Figure 7.15: The Avicel bilayered tablet diametrical elastic relaxation profile 
                                 (bottom first layer compaction stress = 22.6 MPa, final top second layer 
                                       compaction stress = 90.4 MPa).
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7.3 Final remarks 
 
This Chapter has shown the interrelationship of the tablet tensile strength with the tablet 
elastic relaxation behaviour. In general, the greater the tablet expands diametrically during its 
emergence from the die cavity, the lower its tensile strength measured parallel to the tablet 
counterfaces where the Paracetamol tablet exhibits the highest diametrical expansion followed by 
the Avicel and Aspirin tablets. The diametrical elastic relaxation affects the height elastic relaxation 
where in the case of the bilayered tablet, it has been clearly shown that the localised tablet 
diametrical expansion will to some extent retard its height expansion in the interfacial region thus 
an elastic strain gradient is believed to develop that is detrimental to the bilayered tablet mechanical 
integrity in the interfacial region. The influence of the localized elastic relaxation in the interface 
region decreases when the extent of plastic deformation increases the bonding between the two 
layers. This is possibly due to both the decrease in the tablet stored elastic energy which is the 
source of the tablet elastic relaxation and the formation of a stronger interfacial bonding between 
the two adjacent layers that eventually leads to the improvement of the overall bilayered tablet 
mechanical integrity. 
Hence, Chapter Seven has successfully elucidated the influence of the tablet elastic 
relaxation on the tablet mechanical integrity during the ejection stage. 
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CHAPTER EIGHT 
CONCLUSION 
 
This Chapter lists the main conclusions drawn from the previous discussion chapters contained 
within this Thesis. Overall, the greater the elastic relaxation of the tablet during ejection, the more 
detrimental it is to its mechanical integrity. 
 
 
8.1 Introduction 
 
 This Thesis focuses upon the elucidation of the tablet elastic relaxation behaviour during the 
ejection stage and its influence on the tablet mechanical integrity, resulting with the utilization of 
the novel laser apparatus in order to achieve this aim. Hence, the experimental work has been 
divided into four chosen areas to cover the general aspects of the tabletting process, which are: 
 
1. The tablet damage; 
2. The time-dependent aspects of the tablet elastic relaxation; 
3. The elastic relaxation behaviour of different materials and their relation with the tablet 
mechanical strength;  
4. The role of the elastic relaxation on the mechanical integrity of the bilayered tablet. 
 
Apart from the tablet elastic relaxation, the influence of friction, represented by the 
measured ejection force in extruding the tablet from the die, has also been studied. In the following 
Sections 8.2 to 8.6, the general overview of the important findings and the detailed summary of the 
key conclusions of each part are presented as an overview of the entire work contained within this 
Thesis. 
 
 
8.2 General overview 
 
The existence of the tablet elastic relaxation depicted by the change in the tablet height and 
diameter during the ejection stage has been shown experimentally in this Thesis. In general, the 
tablet experiences an initial height reduction which is then followed by the height expansion as it 
moves further during the ejection. The maximum ejection force recorded during the initial phase of 
the ejection corresponds to the instance when the tablet experiences the recompression that resulted 
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in its height reduction. The following tablet height increase corresponds to the decrease in the 
ejection force when the tablet is extruded further inside the die cavity. Hence, the ejection force is 
believed to be dependent upon the tablet elastic relaxation, where the general correlation is that an 
increase in the tablet height corresponds to the decrease in the ejection force and vice-versa. Due to 
the apparent dependency of the ejection force on the tablet elastic relaxation, the ‘ejection work’, 
which is the area under the force-displacement curve obtained during the ejection, is defined as the 
quantification of the tablet internal stored elastic energy during the ejection phase. 
Meanwhile, the online measurement of the tablet diameter during emergence from the die 
cavity illustrates the occurrence of the localized elastic relaxations, depicted by the cyclic 
expansion-contractions of the tablet diameter. 
 
 
8.3 Tablet damage 
 
 The Paracetamol tablet damage increases in its severity when it exhibits a relatively high 
final height expansion and ejection work which is more pronounced as the compaction stress 
increases. Hence, the Paracetamol tablet releases its internal stored elastic energy in terms of the 
height and diametrical elastic expansion of the tablet causing it to be damaged during the ejection 
from the die. Abrupt localized elastic relaxations were also observed in the upper part of the tablet 
body in both the tablet height and diametrical elastic relaxation profiles, giving indications of the 
probable fracture points occurring in the upper region of the tablet body. These findings were then 
confirmed by the visual images of the damaged tablets where cracks were observed in the upper 
part of the tablet body. This is in contrast to the lower part where no apparent cracks were observed. 
It is also concluded that a higher stress region is located near the upper part of the tablet body hence 
causing the relatively higher elastic relaxation and damages seen in this region in comparison to the 
lower half of the tablet body. The relatively smooth and clean Paracetamol tablet fracture surfaces 
indicate the probable occurrence of a fast brittle fracture causing the catastrophic failure of the 
tablet. Investigations on the tablet circumferential surface indicate the occurrence of the ‘junction 
growth’ phenomenon during its sliding motion in the ejection stage which is more apparent at the 
top half of the tablet thus giving further indication of the high stresses in this region. Based upon the 
evidence of the higher stresses occurring in the upper half of the tablet during the ejection stage, the 
tablet recompression, which occurs in the initial period of the ejection, is concluded to take place in 
the upper part of the tablet body. 
 The application of the magnesium stearate powder lubricants onto the die walls and punches 
greatly reduces the Paracetamol tablet damage. The Paracetamol tablets formed in the lubricated die 
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system demonstrated lower ejection works and comparatively less abrupt elastic relaxations in the 
elastic relaxation profiles giving indication of the lubricants role in minimizing the physical elastic 
relaxation and friction of the tablet during the ejection leading towards the mitigation of tablet 
damage. It is also believed that the damages incurred by the Paracetamol tablet formed in the 
lubricated die system were not the result of the tablet elastic relaxation during the ejection stage. 
 
 
8.4 Time-dependent elastic relaxation 
 
The time-dependent properties of the slow plastically deforming Starch tablets have been 
investigated but due to the range of the compaction velocities used which cannot match the 
velocities of typical industrial tabletting machines and the nature of the laboratory compaction 
experiments, only subtle manifestations of the time-dependent properties sought are observed. The 
time-dependent properties of the Starch tablets are manifested when the tablet emerges from the die 
cavity, where a smoother tablet height elastic relaxation profile during the emergence and a lower 
final tablet height expansion were obtained at a lower compaction velocity. This is attributed to the 
occurrence of a higher plastic deformation for the low compaction velocity relative to those 
observed for the high compaction velocity due to the time-dependent plastic deformation of the 
Starch powder. The tablet diametrical elastic relaxation profile shows that a larger tablet diametrical 
elastic fluctuation corresponds to a higher rate of decrease in the ejection force during the 
emergence for the lower part of the tablet body. This indicates that the tablet lower part exhibiting 
the relatively higher diametrical fluctuation releases a relatively higher stored elastic energy. The 
tablet section that is located in the upper part of the tablet body exhibit relatively lower diametrical 
elastic fluctuations and rate of decrease in the ejection force during the emergence. This is attributed 
to the higher occurrence of the plastic deformation in this region. 
 
 
8.5 The elastic relaxation and tensile strengths of different compacted materials  
 
 Three different materials were investigated which comprise of pure Aspirin, Avicel and 
Paracetamol tablets. In general, the higher the tablet expands diametrically during its emergence 
from the die cavity, the lower its tensile strength measured parallel to the tablet counter-faces (direct 
tensile test) where the Aspirin tablet has the largest tensile strength followed by the Avicel and 
Paracetamol tablets. The large diametrical elastic relaxation depicted by the larger tablet diameter 
measure during the emergence is believed to originate from the higher radial die wall stresses 
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exerted by the tablet body. This hypothesis is further supported by the calculated ejection work of 
the tablets where the Aspirin tablet has the lowest ejection work and the diametrical elastic 
relaxation.  
The tablet tensile strength measured parallel to the tablet counter-faces is also lower than 
those measured across the tablet diameter (indirect tensile test or the Brazilian test), giving evidence 
of the mechanical anisotropy of the tablets. It is believed that the relatively larger magnitude of the 
tablet height elastic expansion in comparison to the diametrical elastic expansion during the ejection 
and the compaction process as a whole contributed to the lower tensile strength measured along the 
tablet height relative to those measured across the tablet diameter.   
The interaction between the height and diametrical elastic relaxations during the ejection is 
also hypothesized to affect the tablet tensile strength measured parallel to the tablet counter-faces. 
The mechanically isotropic Paracetamol tablet exhibits a high ejection work and a large tablet 
diametrical elastic relaxation. This resulted in the low tablet tensile strength which is believed to be 
the result of the comparatively high elastic strain gradient induced by the tablet body simultaneous 
expansion in both the diametrical and height directions. Meanwhile, the Aspirin tablet has the 
lowest ejection work and the diametrical elastic relaxation and hence the tablet height elastic 
expansion during the ejection is comparatively less hindered by the low diametrical elastic 
expansion. This causes a lower elastic strain gradient leading towards a higher tensile strength of 
the tablet. Although the Avicel tablet has the highest ejection work, its tensile strength measured 
diametrically (from the indirect or the Brazilian test) is the largest amongst the three compacted 
materials causing it to demonstrate an intermediate diametrical elastic expansion during emergence 
as well as the tensile strength measured parallel to its counter-faces. These hypothesized existences 
of the interactions between the height and diametrical elastic relaxations are then proved via the 
construction of the Avicel bilayered tablets of which the main conclusions are presented in the 
following Section 8.6. 
 
 
8.6 The bilayered tablet elastic relaxation and its mechanical integrity 
 
When both the initial bottom and final top layers of the Avicel bilayered tablet has equal 
compaction stresses, the height elastic relaxation profile of the tablet illustrates the existence of an 
abrupt elastic height expansion in the interface region. Its diametrical elastic relaxation profile is 
divided into two halves where there exist a sudden contraction or a crack in the interface region. 
The tablet also has a nil tensile strength measured parallel to its counter-faces. Therefore, it is 
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concluded that the relatively high stored elastic energy in the interface region causes the 
catastrophic failure of the bilayered tablet in the interface region. 
In the interface region, the tablet localized diametrical expansion impeded the tablet height 
expansion causing the ‘contraction’ of the tablet height during the ejection, hence proving the 
previous hypothesis on the existence of the elastic strain gradient due to the coupling effects of the 
simultaneous tablet height and elastic relaxations (Section 8.5). When the top final layer 
compaction stress increases, the increase in the plastic deformation is believed to minimize the 
influence of the localised elastic relaxation in this region. This will in turn improve the overall 
internal bonding between the two adjacent layers, depicted by the increase of the bilayered tablet 
tensile strength.  
 
 
8.7 Final remarks 
 
This novel work has demonstrated the occurrence of the tablet elastic relaxation during the 
ejection stage. The extent of the tablet elastic relaxation has been measured on-line in terms of the 
tablet height and diametrical dimensional changes. The results show without doubt the important 
role of the elastic relaxation in undermining the tablet mechanical integrity during the ejection stage 
of the compaction process. Overall, the extent of the elastic relaxation depends upon many factors 
including the compaction conditions, the state of wall lubrication and the mechanical response of 
the powder. In general, the greater the tablet elastic relaxation during ejection, the more detrimental 
it is to its mechanical integrity. Thus the minimization of the elastic relaxation reduces the loss of 
tablet integrity and also the extent of the latter may be judged by the measurement of the former. 
However, the current work does not identify the specific location and type of failure rather the 
overall loss of coherence. A future work that involves the incorporation of the accurate tablet 
dimensions in the finite element modeling of the tablet internal stress and elastic energy 
distributions during the ejection stage can further assist in the understanding of the tablet physical 
damages during the ejection stage. 
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Appendix 1 to Appendix 5: Tablet raw materials 
 
 
 
Appendix 3: Aspirin powder. Appendix 4: Avicel powder. 
Appendix 5: Magnesium stearate powder. 
Appendix 1: Paracetamol powder. 
 
Appendix 2: Starch powder. 
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Appendix 6: Universal testing machine 
Appendix 6: The Lloyds universal testing machine  
(model EZ-50, Lloyds Instrument U.K.). 
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Appendix 7 to 8: The tablet height elastic relaxation ejection rig 
 
 
Appendix 7: The ejection rig comprising the laser displacement sensor 
                      held fixed at the bottom of the ejection rig. 
Laser displacement 
sensor 
Die 
Load cell 
Appendix 8: The laser beam reflected from the ejection rig, which attached 
                     onto the bottom tablet surface during the ejection. 
The laser beam spot 
on the ejection rig 
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Appendix 9 to 10: The tablet diametrical elastic relaxation ejection rig 
 
 
 
Appendix 10: A close-up view of the ejection rig. 
Appendix 9: The ejection rig comprising the laser micrometer. 
The laser receiver and 
 transmitter sensors 
Spacer 
Load cell Die 
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Appendix 11: Bilayered tablet SEM sample 
 
Appendix 11: A prepared SEM specimen of the 1st layer bottom part of the  
                       bilayered tablet fractured during the direct tensile test. The 
                       tablet, which is still attached to the steel platen used during the  
                       tensile test was gold coated and traces of silver paint were  
                       painted in order to enhance sample conductivity. Note the  
                       fracture occurs in the interface region of the  bilayered tablet  
                       producing an approximately ‘clean’ and horizontal fracture  
                       surface. 
Bilayered table 
fracture surface 
Traces of 
silver dag The steel platen used 
during the direct  
tensile test 
            13 mm 
Appendix 12 
 171
Appendix 12: The micro-slip movement of the Paracetamol tablet 
 
 
 
Appendix 12: The Paracetamol tablet height elastic relaxation ( y∆ ) and the ejection 
                        force profiles at 179 MPa  compaction stress in an  unlubricated die 
                        system (the amplification of the early phases of the ejection). Note the 
                        micro-slip movement of the Paracetamol tablet in the early phase of 
                        the ejection depicted by the ∆y = 0 values (equal movements of the top 
                        and bottom tablet surfaces). 
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Appendix 13: The Paracetamol fracture surface at various magnifications 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 13 (b): The fracture surface of a 
                             damaged 1.2g paracetamol 
                             tablet (X 1900 magnification). 
 
10 µm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 13 (a): The Paracetamol tablet fracture surface observed from the bottom  
                             of the die cavity as it was completely laminated before  
                             the ejection completed. 
13 mm 
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Appendix 14: Example of trend repeatability 
 
 
 
 
The tablet height elastic relaxation data are those obtained from the lubricated 1.2g Paracetamol 
tablet system compacted to 22.6 MPa compaction stress. Meanwhile, the tablet diametrical elastic 
relaxation data are those of the unlubricated 1.2g Paracetamol tablet system compacted to 22.6 MPa 
compaction stress. 
Trend repeatability of the tablet height elastic relaxation profile
-0.40
-0.20
0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60
1.80
0 2 4 6 8 10
Load cell displacement / mm
∆y / mm
1st run
2nd run
3rd run
4th run
5th run
Tablet  
fully ejected
Trend repeatability of the tablet diametrical elastic relaxation 
profile
12925
12950
12975
13000
13025
13050
13075
13100
13125
13150
13175
0 2 4 6 8
Load cell displacement during emergence / mm
Ta
bl
et
 
di
am
et
er
 
/ µ
m
1st run
2nd run
3rd run
4th run
5th run
Tablet  
fully ejected
Appendix 15 
 174
Appendix 15: Example of the data standard deviation  
 
 
Tablet height elastic relaxation data for lubricated Paracetamol system compacted to 22.6 MPa 
compaction stress: 
 
 
Run Final ∆y 
1st 0.611167 
2nd 0.853535 
3rd 0.896688 
4th 0.596253 
5th 0.605792 
Average 0.712687 
Standard deviation 0.133405 
 
 
Tablet diametrical elastic relaxation data for unlubricated Paracetamol system compacted to 22.6 
MPa compaction stress: 
 
Run Final diameter measured at end of ejection 
1st 12995 
2nd 13000 
3rd 13015 
4th 13000 
5th 12990 
Average 13000 
Standard deviation 8.366600265 
 
